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PREFACE 

A Symposium  on  “Stresses,  Vibrations,  Structural  Integration,  and  Engine  Integrity  (Including  Aeroelasticity  and 
Flutter)”  was  held  in  Cleveland,  Ohio,  during  the  week  of  23  October  1978.  This  Symposium  was  the  52nd  Meeting  of 
the  AGAR1)  Propulsion  and  Energetics  Panel  (PEP).  Except  for  an  afternoon  tour  of  the  NASA-Lewis  Research  Center 
on  25  October,  all  other  technical  and  administrative  activities  were  conducted  at  the  Bond  Court  Hotel. 

The  Symposium  was  divided  into  eight  sessions  as  follows: 

Session  I - Experimental  Stress  Analysis 
Session  II  - Stress  Analysis  Techniques,  Life  Prediction 
Session  III  Stress  Analysis  Techniques,  Life  Prediction 
Session  IV  Engine  Structural  Integrity,  Vibration,  Containment 
Session  V - Engine-Airframe  Integration/Compatibility 
Session  VI  - Engine-Airframe  Integration/Compatibility 
Session  VII  Aeroelasticity  and  Flutter 
Session  VIII  Aeroelasticity  and  Flutter 

The  Technical  Evaluation  Report  (TER)  on  this  Symposium  has  been  pi^pared  by  Dr  L.Beitch,  Manager  of 
Engineering  Mechanics  and  Life  Management,  General  Electric  Company,  Cincinnati,  Ohio.  The  TER  provides  a very 
complete  summary  and  understanding  of  the  technical  sessions  and  recommends  topics  to  be  covered  in  future  activities. 
In  particular.  Dr  Beitch’s  comments  emphasize  the  need  for  better  technical  tools  to  be  applied  to  life-prediction 
techniques. 

Judging  by  the  attendance  at  the  Symposium  and  the  di  cussions  which  followed  most  of  the  presentations,  the 
meeting  met  its  objectives  and  is  regarded  as  a success.  It  is  hoped  that  the  activity  provided  a baseline  to  stimulate 
further  work  on  the  critical  subjects  covered. 

The  committee  is  pleased  to  have  had  the  opportunity  to  conduct  this  Meeting.  In  addition,  the  effort  by  Dr  Beitch 
in  providing  the  TER  is  gratefully  acknowledged.  His  work  in  support  of  the  Panel  will  be  a valuable  assistance  in 
preparing  future  AGARD  programs. 


JOHN  ACURIO 
Chairman, 

52nd  Meeting  of  PEP. 
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STRUCTURAL  ANALYSIS  OF  A GAS  TURBINE  IMPELLER 
USING  FINITE-ELEMENT  AND  HOLOGRAPHIC  TECHNIQUES 

by 

Peter  S.  Kuo  and  Kenneth  S.  Collinge 
AV CO  LYCOMING  DIVISION 
Stratford,  Connecticut 


ABSTRACT 

Centrifugal  stiffening  coupled  with  complex  vibrating  modes  imposes  a serious  limit  to  the 
structural  design  of  a gas  turbine  impeller  for  a more  favorable  aerodynamic  geometry.  This  paper 
presents  a rigorous  finite-element  structural  analysis  method  which  combined  with  Holographic  tech- 
nique deals  with  the  highly  stressed,  curved  vanes  and  the  vibration  of  the  flexible  circular  backplate 
so  that  the  magnitude  and  the  pattern  of  static,  dynamic  and  thermal  loadings  can  be  improved.  The 
method  demonstrates  a computerized  procedure  for  the  design  of  a modern  centrifugal  impeller. 

Holography  which  has  been  used  as  a means  for  determining  the  dynamic  behavior  of  the  engine  com- 
ponent offers  an  accurate  experimental  measurement  of  natural  frequencies  and  modes.  The  inter- 
ference fringe  pattern  representing  the  contours  of  equal  surface  displacement  provides  a permanent 
record  for  vibration  amplitude  evaluation.  Comparison  between  the  theoretical  and  the  experimental 
results  is  made. 

INTRODUCTION 

Finite  element  method  for  analyzing  gas  turbine  engine  components  such  as  compressor/turbine 
blades  (1)^,  disks(2),  and  shells,  etc.  has  provided  a powerful  tool  for  design  use.  Continuing  develop- 
ment by  using  a similar  approach  to  deal  with  the  more  complex  geometry  of  a centrifugal  impeller  has 
been  undertaken.  Due  to  vast  variation  in  rigidity  and  a large  number  of  flexible  radial  or  nonradial 
vanes,  various  analytical  requirements  have  to  be  met  to  ensure  the  integrity  of  the  design.  Dynamically, 
it  must  be  capable  of  predicting  the  vibration  behavior  in  rotating/nonrotating  conditions  and  coupled/ 
uncoupled  modes  in  a large  frequency  range  with  good  accuracy.  From  the  static  viewpoint,  an  itera- 
tion method  to  optimize  the  high  bending  stresses  in  the  leanback  vanes  and  to  control  the  radial/axial 
disk  growths  are  equally  important. 

The  complexity  of  the  analytical  results  has  been  explored  in  earlier  work  using  finite  element 
substructuring  techniques  (3),  in  which  a unique  segment  model  was  used  to  evaluate  the  vibration  modes 
This  paper  presents  a procedure  that  will  achieve  a greater  overall  degree  of  accuracy.  Various 
mathematical  models  are  formulated  to  cover  the  requirements  needed  in  different  analyses. 

Holography  has  been  utilized  as  a means  for  measuring  the  dynamic  behavior  of  this  engine  com- 
ponent. The  experimental  measurements  of  natural  frequencies  and  modes  were  used  for  verification 
of  the  theoretical  analysis.  Comparison  between  the  results  shows  a good  agreement. 

FINITE  ELEMENT  ANALYSIS 

Method  of  Analysis 

In  view  of  the  multiple  requirements  for  analyzing  the  impeller  design,  it  is  felt  that  a finite 
element  technique  which  uses  various  types  of  models  and  elements  will  best  suit  the  different  needs  for 
different  analyses.  This  could  provide  a more  effective  tool  for  preliminary  st res s /dynamics  assess- 
ments as  well  as  in  the  final  design.  The  approaches  used  are  outlined  as  follows  together  with  detailed 
illustrations  given  in  the  appropriate  sections. 

The  overall  impeller  static  stress  patt  rn  resulting  from  centrifugal  and  thermal  loadings  is 
determined  by  using  a two-dimensional  axisymmetric  element  model  which  combines  the  plate-like  elements 
to  represent  the  vane  and  disk  geometry.  This  analysis  offers  a simple  but  accurate  method  of  predicting 
the  elastic  as  well  as  plastic  deformations  of  the  impeller  disk. 

The  single  full  or  split  impeller  vanes  are  essentially  thin  shell  structures  of  complex  geometry; 
structural  modeling  of  a three-dimensional  model  using  triangular/quadrilateral  plate  elements  provides 
a logical  tool  for  stress  and  vibration  analyses.  Differential  stiffening  effect  and  enforced  root  boundary 
conditions  are  included  in  the  calculations  through  the  NASTRAN  program. 

Rotational  cyclic  symmetry  analysis,  which  uses  a finite  Fourier  transformation  method  in 
NASTRAN,  is  employed  to  determine  the  impeller  vane-disk  coupled  modes  in  the  high  frequency 
range,  where  the  dynamic  couplings  are  strong  between  the  flexible  back -plate  and  the  blade  trailing 
portion.  The  analysis  needs  to  model  only  one  identical  segment  of  the  impeller. 


Numbers  in  parenthesis  designate  references  at  the  end  of  the  paper. 


Normal  mode  analysis  will  be  performed  to  avoid  occurrence!  of  the  impeller  disk  resonances, 
diametral  or  circumferential,  in  the  operating  range.  An  approach  of  using  a model  impeller  sector 
including  only  the  flexible  back-plate  and  the  exit  of  bladings  has  proved  to  be  sufficient.  The  results 
compared  with  Holographic  measurements  are  given  herein. 

IMPELLER  STRESSES 

Two-Dimensional  Impeller  Disk 

The  impeller  disk  stress  analysis  was  performed  by  using  a two-dimensional  axisymmetric 
finite  element  computer  program.  The  program  has  an  ability  to  combine  the  axisymmetric  elements 
with  plate-like  elements  to  calculate  stress/temperature  fields  in  the  centrifugal  impeller.  The 
mechanical  forces/displacements,  thermal  loads  and  normal  stresses  may  be  applied  at  nodes  by 
specifying  the  corresponding  values.  The  boundary-condition-string,  a program  optional  feature,  will 
automatically  linearly  interpolate  the  input  values  at  the  nodes  along  the  boundary  to  save  the  input 
effort.  For  plastic  analysis,  an  iterative  procedure  based  on  total  deformation  theory  is  used  which 
allows  the  material  to  flow  along  the  effective  st ress/ st rain  curve  until  the  applied  loads  are  absorbed. 
This  analysis  permits  the  prediction  of  the  stress/strain  redistributions  if  the  applied  load  exceeds  the 
elastic  limit  of  the  material. 

Figure  1 shows  a two-dimensional  mathematical  impeller  model  which  consists  of  a number  of 
axisymmetric  triangle  / quadrilateral  elements  and  the  plane  elements  for  a flat  vane.  The  model 
uses  relatively  finer  grid  meshes  in  the  region  of  anticipated  high  centrifugal  stresses  to  achieve  a 
good  accuracy. 


Figure  X.  Impeller  Structural  Model  (2-D) 


The  combined  equivalent  stress  and  in  plane  shear  distribution  of  the  given  impeller  are  plotted 
in  Figure  2.  This  is  produced  by  a rotating  speed  of  48,000  rpm,  and  an  overall  temperature  variation 
of  70*  - 650*F  on  the  disk.  The  noticeable  disk  radial  growth  and  axial  movement  occurring  on  the 
impeller  backplate  are  shown  as  solid  lines  in  Figure  2. 


b)  EQUIVALENT  STRESS 


Three- -Dimensional  Single-  Vane 


RADIAL  LINE 
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Figure  3.  Axial  View  of  a Single  Vane  Finite  Element  Model 


Figure  2.  Impeller  Deformed  Shape  and  Stress  Distribution 


a)  RADIAL  A AXIAL  DEFORMATIONS 

lOlFOBMED  SHAPE  INSOUOLFetl 


c)  IN  PI ANE  SHEAR  STRESS 


The  success  of  an  advanceei  impeller  design  becomes  highly  critical  when  the  component  contains 
nonradial  and  leanback  vanes.  Centrifugal  stiffening  and  disk  radial  growth  produce  high  bending 
stresses  on  the  nonradial  tip  region  and  along  the  root  boundary.  The  bending  behavior  of  backward 
leaned  impeller  vanes  cannot  be  accounted  for  by  the  preceding  two-dimensional  analysis  since  the 
finite  element  model  considers  the  vane  as  a flat  radial  plate.  To  calculate  the  stresses  accurately, 
it  becomes  necessary  to  formulate  a separate  three-dimensional  single  vane  model  including  in  and 
out  of  plane  curvatures  and  finer  meshes. 


Figure  3 illustrates  a finite  plate  element  model  adequately  representing  the  complicated  vane 
geometry.  Modeling  is  accomplished  by  setting  the  grid  points  along  the  flow  paths  to  represent  the 
mid-surface  of  the  structure  and  by  interconnecting  the  grid  points  to  form  triangular  finite  plate 
elements.  A three-dimensional  cylindrical  coordinate  system  is  provided  to  define  the  rotational  and 
translational  degrees  of  freedom  at  each  grid  point. 


TRALNG 

EDGE 
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The  centrifugal  stresses  of  the  three  -dimensional  vane  ia  performed  using  the  NAS7RAN  program. 
The  analysis  includes  the  enforced  deflections  along  the  root  boundary  in  the  radial  and  axial  directions  to 
account  for  disk  loading  to  the  single  vane.  The  amount  of  disk  deflections  mainly  in  the  backplate,  is 
based  on  the  prior  two-dimensional  impeller  model.  Stress  contour  plots  (Figure  4)  on  both  surfaces 
of  the  vane  indicate  that  higher  bending  stress  distributions  occurred  in  the  nonradial  exit  area  as  well  as 
along  the  root  boundary.  Stresses  in  these  critical  regions  are  direct  functions  of  vane  leanback / wrap 
angles  and  the  rotating  speed. 


48.000  RPM 


IMPELLER  VANE  MODEL  PRESSURE  SURFACE  SUCTION  SURFACE 

(PLATE  FINITF  ELEMENT) 

Figure  4.  Impeller  Vane  Steady  Stress  Distribution 
Due  to  Centrifugal  Load 


VIBRATION  ANALYSIS 
Single  Vane  Vibration 

The  flexible  and  nonlinear  geometry  of  the  impeller  vanes  have  created  numerous  natural  modes 
which  can  be  excited  by  various  sources  of  aerodynamic  flow  excitation  in  the  operating  range.  Any 
structural  modifications  such  as  thickening  the  vane,  decreasing  the  lean-back  and/or  the  wrap  angles 
are  rarely  without  certain  sacrifices  of  the  performance  of  the  original  design.  Therefore,  an  analytical 
method  which  optimizes  the  aerodynamic  shape  and  structural  soundness,  is  a necessary  tool  durin»the> 
development. 

Figure  5 shows  a series  of  typical  normal  mode  shapes  (in  the  0 - 23,  500  Hz  range)  calculated  by 
NASTRAN  using  a three-dimensional  plate-element  single  vane  model.  A rigid  root  boundary  is  con- 
sidered. The  low  fundamental  frequencies  (6997  Hz,  8756  Hz)  characterize  the  vane  bending  modes  of 
its  leading  tip,  in  a similar  manner  to  a built-in  plate.  As  frequency  increases  (10,  867  Hz,  15,697  Hz, 
23,470  Hz),  multiple  bending/torsion  deformations  advance  progressively  toward  the  exit  of  the  vane  as 
shown  on  higher  mode  plots.  There  are  as  many  as  16  natural  modes  which  exist  in  the  specified  range 
for  a given  long  vane. 

Any  high  vibratory  stresses  produced  by  any  of  these  modes,  high  or  low,  can  easily  cause 
fatigue  failures  at  various  locations.  Hence,  a means  to  accurately  predict  the  resonances  at  rotating 

I conditions  is  necessary,  so  that  potential  excitations  can  be  prevented  during  design. 

To  increase  the  accuracy,  single  vane  natural  frequencies  shown  in  Table  1 are  calculated  by 
including  the  effects  of  differential  stiffening  and  the  disk  enforced  displacements  during  rotation.  The 
percentage  of  frequency  increase  due  to  combined  effects  (case  3)  is  highest  in  the  1st  bending  (15.  4%) 
but  is  less  in  higher  modes  (2  - 3%).  When  disk-enforced  displacements  are  allowed  in  the  axial  and 
radial  directions,  stiffening  effects  are  consistently  greater  than  the  vane  with  a rigid  root  boundary 
(case  2).  The  vane  natural  frequencies  are  also  plotted  in  the  excitation  diagram  (Figure  6)  to  show 
the  rotating  speed  effect. 
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UNDEFORMED  MODE  3 MODE  4 

MODEL  6,997  Hz  8,756  Hz 


MODE  6 MODE  10  MODE  16 

10,867  Hz  15,696  Hz  23,470  Hz 

Figure  5.  impeller  Vane  Typical  Mode  Shapes 
in  Frequency  Range  0-23,500  Hz 


TABLE  1 DIFFERENTIA!,  STIFFENING  EFFECT 
ON  SINGLE  VANE  NATURAL  FREQUENCIES 
WITH/WITHOUT  DISK  DISPLACEMENT 
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a)  CROSS-SECTIONAL  VIEW 


b)  SIDE  VIEW 


Figure  6.  Excitation  Diagram  of  Figure  7.  A 1/32  Impeller  Sector 
Impeller  Vane  Showing  Stiffening  Model  Using  Plate  and  Solid 

Effect  Elements 


Vane-Disk  Coupled  Modes  - Rotational  Cyclic  Symmetry  Analysis 


The  centrifugal  impeller  is  a rotating  component  composed  of  many  identical  vanes  which  are 
symmetrically  arranged  with  respect  to  its  rotational  axis.  To  take  advantage  of  this  geometric 
feature,  the  capability  of  cyclic  symmetry  analysis  in  the  NASTRAN  can  be  utilized  for  static  and 
dynamic  analyses  of  the  compressor.  Since  the  application  of  the  rotational  symmetry  will  allow  the 
analyst  to  model  only  one  of  the  identical  segment  of  the  complex  structure,  it  therefore  becomes 
analytically  feasible.  The  approach  is  demonstrated  here  for  the  impeller  vibration  problems. 


The  formulation  of  the  cyclic  symmetry  analysis  (4)  is  based  on  the  mathematical  treatment  of 
the  compatibility  at  the  boundaries  between  segments.  This  is  done  by  the  "cyclic  transformation", 
which  linearly  combines  distortion  effects  into  a single  segment,  so  that  it  can  be  solved  independently. 
The  relationship  of  cyclic  index  (K)  to  the  boundary  constraints  in  a segment  is  illustrated  in  the  Appendix 
by  giving  a numerical  example. 


A symmetrical  model  of  1/32  impeller  segment  (11.25*)  was  constructed.  The  chosen  segment 
has  the  full  vane  centrally  located  with  the  finite  element  meshes  connecting  through  the  vane  root  and 
extending  evenly  by  5.  625*  on  either  side  of  the  segment.  Two  different  models  were  formed:  one 
uses  plate  element  for  modeling  the  complete  vane  which  is  joined  by  the  6 and  8-node  solid  elements 
(Figure  7)  as  the  impeller  disk;  the  other  uses  plate  elements  throughout  the  segment  (Figure  8).  For 
simplicity  the  latter  model  is  employed  in  the  analysis.  It  contains  a total  of  360  grid  points  (180  on 
vane)  and  1800  degrees  of  freedom.  However,  to  reduce  the  computing  effort,  only  those  grid  points 
on  the  vane  trailing  part  and  the  corresponding  backplate  retain  5 degrees  of  freedom  at  each  point; 
the  remaining  are  all  constrained. 

The  results  of  the  cyclic  symmetry  analysis  on  the  restrained  model  (Figure  8)  are  tabulated  in 
Table  2.  Among  the  seven  (7)  vane-disk  modes  generated,  four  (4)  characterize  disk  vibration;  three 
(3)  are  the  vanes.  The  results  obtained  from  separations  of  vane  and  disk  (i.  e.  , vane  only;  disk  only) 
provide  a confirmation  for  the  cyclic  symmetry  analysis.  The  coupled  modes,  though  not  as  strong, 
are  plotted  in  Figure  8.  Among  the  modes  investigated,  the  32  diametral  (36,  700  Hz)  shows  a high 
deflection  around  the  disk  rim,  caused  by  sine-wave  peak  passing  through  each  vane  segment. 


UNDEFORMED  VANE  TIP 


UNDEFORMED  MODEL 


DEFORMED  TIP 


' MODE  1 
f = 7,430  Hz 


^ ' MODE  2 

f = 17,580  Hz 

VANE  DISPLACEMENT 

i REFORMED  / DISK  DISPLACEMENT 


MODE  3 
f = 20,870  Hz 


MODE  4 
f = 22,120  Hz 


DISK  DISPLACEMENT 


MODE  5 MODE  6 

f = 24,130  Hz  f = 30,090  Hz 


MODE  7 
f = 36,700  Hz 


Figure  8.  A 1/32  Impeller  Sector  Model  Using  Plate  Elements 
and  the  Resulting  Vane-Disk  Modes 
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TABLE  2 VANE-DISK  CYCLIC  SYMMETRY  ANALYSIS 
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HOLOGRAPHY /FINITE -ELEMENT  RESULTS 
Laboratory  Setup  tor  Holographic  Measurement 

In  order  to  correlate  the  results  of  the  finite  element  analysis,  a complete  centrifugal  impeller 
was  tested  for  natural  frequencies  and  vibratory  modes  using  Holographic  interferometry.  This 
technique  has  been  developed  over  the  last  ten  years  from  a sophisticated  research  tool  to  a procedure 
available  for  routine  development  work. 

The  arrangement  of  the  equipment  to  perform  the  Holographic  interferometry  is  shown  in  Figure 
9.  The  equipment  uses  the  monochromatic  (single  frequency)  coherent  (constant  phase  relationship) 
light  source  of  a helium-neon  laser  which  produces  a continuous  output  of  red  light  at  632.  8 nanometers. 
This  is  divided  and  expanded  in  two  beams.  One  beam  shines  directly  on  a photographic  plate  while  the 
other  beam  shines  directly  on  the  object  and  is  reflected  onto  the  photographic  plate.  This  plate  then 
records  the  wave  fronts  of  the  combined  light  beams,  both  the  amplitude  and  phase  relationship,  and 
is  the  Hologram. 

If  the  test  piece  is  vibrating  during  the  time  that  the  plate  is  being  exposed,  then  the  variation  in 
phase  at  the  surface  of  the  plate  creates  an  interference  pattern.  This  time  averaged  Holographic 
interferometry  generates  lines  of  constant  displacement,  a fringe  pattern  which  can  be  interpreted  for 
vibratory  modes.  There  are  a variety  of  ways  to  generate  interferometric  Holograms,  but  the  time 
average  technique,  which  is  widely  used,  was  selected  for  this  study. 

The  test  piece  in  this  study,  a 32-vane  centrifugal  impeller,  was  rigidly  mounted  to  a piezo- 
electric vibration  exciter  through  the  center  of  the  hub.  This  most  closely  duplicates  the  shaft  mounting 
of  the  impeller  in  normal  operation. 

This  study  was  initiated  by  making  a Hologram  of  the  impeller  when  stationary.  This  Hologram 
was  then  developed  and  replaced  in  exactly  the  position  in  which  it  was  originally  exposed.  In  this 
position  any  displacements  of  the  impeller  created  an  interference  pattern  in  the  Hologram  visible  to 
an  observer.  The  frequency  range  of  interest  was  then  slowly  swept,  and  frequencies  where  inter- 
ference patterns  which  indicate  resonances  were  noted.  After  this  real  time  Holographic  inter- 
ferometry survey  had  been  completed,  time  averaged  Holograms  were  made  at  each  desired  frequency. 
This  process  may  be  repeated  with  the  Hologram  made  of  the  rear  face  of  the  impeller  to  determine 
modes  which  include  displacements  of  the  rear  face. 

After  all  the  desired  Holograms  were  made,  then  each  was  illuminated  with  the  laser  and  photo- 
graphed by  conventional  means.  These  reconstructed  Holograms  are  available  for  convenient  study. 


Figure  9.  Set-up  for  Holographic  Measurement 


Impeller  Sector  Model 

The  impeller  investigated  has  a geometry  that  consists  of  32  thin,  curved  full  vanes  which  are 
integrally  cast  with  a relatively  solid  cylindrical  hub  and  a flexible  circular  backplate.  The  average 
thickness  at  the  disk  rim  (O.  D.  22.352  cm)  is  approximately  equal  to  that  of  the  vaneB  at  the  trailing 
tip  (.  1524  cm).  The  primary  objective  of  the  analysis  and  the  Holography  measurement  is  to  determine 
the  various  disk  natural  frequencies  and  modes  of  the  flexible  circular  backplate  where  the  vibration 
of  the  disk  has  potential  coupling  with  the  trailing  tip  of  the  connecting  blades.  This  information  is  not 
available  from  the  previous  single  vane  calculations. 

A simplified  impeller  disk  model  of  a quarter  sector  (Figure  10)  which  consists  of  flexible  back- 
plate and  approximately  1/3  of  each  full  vane  over  the  downstream  side  will  suit  the  purpose  for  this 
investigation.  The  finite  plate  element  model,  referred  to  a cylindrical  coordinate  system  (R,  ft,  Z), 
contains  translational  and  rotational  degrees  of  freedom  at  each  grid  point.  The  model  considers  a 
simply  supported  constraint  around  the  disk's  inner  circle,  and  assumes  a boundary  condition  along  the 
disk  radius  such  as  Tp  = Tq  = 0r  = 0,  which  forces  the  nodal  lines  to  form  at  a desirable  location. 
Previous  analysis  of  flexible  disks  (2)  yields  good  results  by  using  similar  assumptions. 


Figure  10.  A 90°  Impeller  Sector  Model  with  Backplate  Included 
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Results  and  Discussions 

Table  3 summarizes  the  NASTRAN  diametral  and/or  circumferential  modes  and  the  corresponding 
results  from  the  Holograms.  The  analysis  indicates  that  all  fundamental  disk  modes  including  16 
diametral  and  higher  exist  in  the  frequency  range  below  10,000  Hz.  Figure  11  shows  the  four  lowest 
analytical  disk  modes.  In  this  region  there  are  only  a few  low  bending  modes  of  the  vane  which  may 
be  coupled  with  them.  Vane  natural  modes  shown  in  Table  3 were  previously  analyzed;  they  correlate 
well  with  the  Hologram  fringe  patterns  of  a vibrating  disk.  Although  the  association  of  the  vane 
motions  (leading  part)  are  visible  from  the  fundamental  disk  modes  in  the  majority  of  the  Holograms, 
the  close  numerical  agreement  between  the  two  analyses  suggests  that  the  strength  of  coupling  is 
really  insignificant  in  the  frequency  range.  The  variation  shown  on  the  measured  frequencies  is 
believed  attributed  to  the  variation  of  mechanical  tolerances  among  the  bladings  and  the  high  sensitivity 
of  the  Holography.  Holographic  modal  patterns  of  6 diametral  and  complex  modes  are  shown  in 
Figures  12  and  13  respectively. 

Complex  modes,  which  begin  at  frequencies  beyond  20,  000  Hz  with  the  periodic  traveling  wave 
around  the  disk  rim, produced  by  multiple  diametral  modes,  have  strong  association  with  the  vane 
trailing  tip.  Figure  14  illustrates  multiple  modes  of  this  nature.  The  strong  coupling  can  impose 
additional  vibratory  stresses  on  the  statically  already  critical  region  of  a leanback  vane  design.  The 
effect  of  full  vane  grouping  could  cause  variations  among  the  analyses,  since  theoretical  modeling 
includes  only  the  trailing  portion  of  each  vane. 

An  analysis  covering  a small  sector  of  an  impeller  helps  to  minimize  the  occurrence  of  multiple 
modes  over  a finite  frequency  range.  The  confusion  of  the  multiple  modes  resulting  from  the  vibration 
of  the  flexible  blading  at  the  upstream  side  is  avoided  in  the  analytical  model  to  a great  extent.  The 
calculated  results  have  also  been  used  as  a guide  to  sorting  out  the  extensive  data  from  the  Holographic 
measurements.  The  interpretation  of  the  measured  frequencies  and  modes  is  enhanced  by  the  com- 
parison with  analytical  results  which  are  mainly  the  disk  modes,  and  by  the  experience  gained  from  the 
single  vane  analysis.  The  investigation  could  provide  a useful  baseline  for  further  rotational  symmetry 
analysis  of  an  impeller  as  demonstrated  above. 


TABLE  i THEORETICAL/EXPEBIMENTAL  NATURAL  MODES  COMPARISONS 
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MODE  1 - 5,370  Hz 
1 CIRCUMFERENTIAL 


MODE  2 - 5,410  Hz 
1 DIAMETRAL 


MODE  3 • 5,440  Hz 
2 DIAMETRAL 


MODE  4 - 5,500  Hz 
3 DIAMETRAL 


Figure  11.  Basic  Modes  of 
the  90°  Impeller  Sector  Model 


Figure  12.  Hologram  ■ 
6 Diametral,  6167  Hz 


Figure  13.  Hologram  - 
Complex  Mode 
(16  Diam  + 2 Circ  + Vane) 
20,535  Hz 


Figure  14.  Hologram  - 
Complex  Mode 
(16  Diam  + 2 Circ  + Vane) 
20,517  Hz 


CONCLUDING  REMARKS 


Various  finite -element  structural  analysis  techniques  have  been  demonstrated  in  this  paper  for 
improving  the  overall  analytical  accuracies  in  the  design  of  advanced  impellers.  Correlation  between 
theoretical  and  experimental  results  has  been  established  to  be  good. 

The  single  vane  modeling  approach  has  provided  an  effective  means  for  static  and  dynamic 
analyses  with  good  accuracy.  The  same  model  can  simply  be  joined  by  additional  plate  or  solid  elements 
to  formulate  an  impeller  segment  for  cyclic  symmetry  analysis  without  much  effort. 

Any  partial  frequency  range  selection,  by  specifying  the  order  of  cyclic  index  in  the  cyclic 
symmetry  analysis,  can  result  in  elimination  of  pertinent  dynamic  modes.  Care  must  be  exercised 
to  avoid  this  pitfall.  An  understanding  of  the  mathematical  treatment  on  the  boundary  of  the  segment 
due  to  different  indices  is  helpful. 

Complex  coupled  modes  recorded  in  the  Hologram  provide  a valuable  image  for  an  analyst  to 
visualize  the  structural  characteristics  in  various  frequency  ranges.  Theoretical  results,  however, 
establish  the  baselines  for  sorting  out  the  multiple  modes  shown  up  during  the  measurements  and 
provide  a valuable  design  tool. 
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APPENDIX 

Theoretical  Background 

Rotational  Transformation  between  the  structural  segments  is  governed  by  the  equation: 

u”  = u°  + £ ukCc°»  (n-1)  ka  + 5kssin  (n-1)  ka  + (-l)n_1uN/2 
k=l 


Where: 


n = 1,  2,  ....  N = number  of  segment 
K = Cyclic  index;  K^\<(  j is  the  limit  of  K 

u"  = A physical  variable  (displacement,  load,  stress,  etc.  ) in  the  nth  segment 


= Symmetrical  components  (cyclic  coefficients)  used  in  the  solution  which  define 
the  entire  structure 


a = 2 n/N  = circumferential  angle  for  each  segment 

Note:  Dynamics  analysis  is  performed  individually  for  each  harmonic  index  K;  for  static  analysis 

the  calculation  proceeds  as  a summation  of  every  value  of  K index  from  zero  to  K,  . 

L 

In  the  rotational  symmetry  analysis,  the  dependent  displacements  (side  2 of  the  model)  are  related  to 
the  independent  displacements  (side  1)  by  the  following  equations  of  constraint. 
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Equations  above  are  the  equations  of  boundary  constraint  for  the  symmetrical  components.  The  only 
symmetral  components  coupled  by  the  compatibility  constraints  are  lc  and  Is,  2c  and  2s,  etc.  Thus, 
for  a 90°  segment  model  (N  = 4,  a = tt  /2),  the  compatibility  constraints  for  each  cyclic  index  are: 

K=0,  u2  = uJ  K = 1 , u*0  =u1ls 


„ —2c  _ 2c 

K=  2,  ^ = -Uj 

—2s  —2s 

“2  = ‘"I 


K = 3, 


— lc 

— Is 

U2 

= U1 

—Is 

"2 

-TT 

= -Hl 

— 3c 

— 3 s 

“2 

= -Uj 

— 3 s 

-3c 

"2 

= Uj 

K=  4,  is  identical  to  K = 0 since  Ka  = 2^  = 0. 

From  the  compatibility  constraint  relations,  it  can  be  seen  that  the  selection  of  each  K index  pre- 
determines the  vibration  modes  which  may  occur  in  the  entire  structural  model.  This  is  illustrated 
in  the  numerical  examples  given  bel^w. 

Numerical  Example 

A 90°  segment  model  of  a circular  flat  plate  was  investigated  using  Rotational  Cyclic  Symmetry  Method 
(NAS TRAN  RIGID  FORMAT  15).  In  this  demonstration  problem,  normal  modes  were  obtained  in  the 
frequency  range  0 to  7,000  Hz  for  each  cyclic  index  K = 0,  1 and  2.  The  model  was  restrained 
against  radial  and  rotational  displacements  to  limit  the  solution  to  the  'diametral'  and  'circumferential' 
modes  only. 

The  results  are  summarized  in  Table  1 together  with  displacement  plots  in  Figure  1 for  K = 0. 


NOTE:  NO  MOOES  EXIST  FOR  KINDEX  =3  IN  THE  90°  MODEL  CONFIGURATION 


FOR  K - 0 

a)  CALCULATED  EIGENVALUES  I EIGENVECTORS 


" A 90°  SEGMENT  MODEL 


SIDE  1 


b)  CIRCUMFERENTIAL  PLOT  OF  VERTICAL  DISPLACEMENT 


Figure  1.  Deformation  Plots  of  the  Entire  Structural  Model  (K  = 0) 
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DISCUSSION 

S.Gupta,  Canada 

In  the  case  of  3-D  single  vane  analysis,  what  boundary  conditions  were  used  at  the  vane-disk  junction? 

Author's  Reply 

In  the  stress/dynamic  analyses  of  the  3-D  single  vane,  the  boundary  condition  considered  includes  the  radial  and 
axial  enforced  displacements  calculated  from  the  previous  2-D  disc  model,  the  remaining  d.o.f.  along  the  vane-disc 
junction  are  all  constrained. 


A.F.Storace,  US 

Did  you  use  a different  sequence  number  (K)  for  centrifugal  stiffening  effects? 

Author’s  Reply 

In  the  vane-disc  segment  models  for  the  cyclic  symmetry  analysis,  the  differential  stiffening  effect  was  not  included 
in  the  calculation.  However,  the  DMAP  alter  sequence  was  under  preparation  for  NASTRAM  runs,  the  initial  result 
was  checked  out  by  a simple  circulardisc  model  using  plate  elements.  The  centrifugal  load  is  applied  to  the  entire 
structure  as  a static  case  prior  to  the  dynamic  analysis,  therefore  different  cyclic  index  (K)  is  not  needed  at  that 
stage. 
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RE  SUM- 

Le  controle  des  vibrations  d'une  structure  s'effectue  generalcment  au  stade  du  projet  par  la 
determination  th6orique  des  frequences  et  modes.  Les  elements  principaux  d'un  moteur  d'avion  peuvent  pra- 
tiquement  etre  classes  en  3 categories  : compresseur  - chambre  de  combustion  - turbine. 

Ces  Elements  sont  fixes  ou  en  rotation  et  sont  alors  soumis  a l'effet  de  Coriolis  et  a un  rai- 
dissement  supplemental  re  introduit  par  la  force  centrifuge. 

On  presente  ici  une  revue  succinte  du  calcul  des  aubes  minces  et  epaisses,  des  systemes  axisy- 
metriques  en  rotation,  et  des  ensembles  disque-aubes . 

Une  fois  le  prototype  du  moteur  realise  il  peut  subsister  des  frequences  genantes  et  au  lieu 
d'effectuer  des  modifications  de  la  structure  destinees  £ deplacer  ces  frequences  on  peut  chercher  a uti- 
liser  des  materiaux  amortissants  entrainant  une  reduction  suffisante  de  l'amplitude  de  resonance.  Le 
calcul  de  ces  types  de  structures  amorties  eat  esquisse. 

La  methode  numerique  employee  est  celle  des  elements  finis.  Les  divers  types  de  calcul  : 
recherche  des  frequences  et  modes,  prediction  de  1 * amorti ssement  introduit  par  l'adjonction  du  materiau 
sont  illustr£s  par  des  applications  £ des  elements  de  moteur. 


INTRODUCTION 

L ' aeronautique  qui  est  £ l'origine  de  bien  des  progres  de  la  technologie  exige  actuellement  la 
mise  au  point  de  moteurs  performants  et  surs.  Les  cons tructeurs  sont  done  interesses  par  toute  prevision 
susceptible  de  leur  permettre  un  gain  de  poids,  de  performance  et  de  duree  de  vie  sans  perte  de  securite. 

Un  moteur  comprend  schema tiquement  trois  parties  : 

a)  la  partie  compresseur  avec  soufflante  et  Stages  basse  et  haute  pression, 

b)  la  chambre  de  combustion  gen6ralement  annulaire, 

c)  la  partie  turbine  avec  Stages  haute  et  basse  pression. 

La  soufflante  et  les  Stages  de  compresseur  sont  entraines  par  des  etages  de  turbine  et  relics 
entre  eux  par  des  arbres  ou  tambours.  Les  parties  mobiles  tournent  a des  vitesses  de  rotation  elevees  de 
l'ordre  de  10000  D 20000  tr/mn  et  plus  pour  le  corps  haute  pression. 

Les  possibility  d 'excitation  par  des  forces  ou  des  deplacements  imposes  d la  structure  sontnom- 
breuses  et  une  bonne  appreciation  de  la  duree  de  vie  du  moteur  passe  ob li gatoi rement  par  une  etude  struc- 
tural fine.  L'ingenieur  doit  done  essayer  de  prfivoir  le  comportement  dynamique  des  structures  de  maniere 
i pouvoir  les  dimensiunner  convenab lement  ou  d les  modifier  si  une  fois  construites  elles  presentent  des 
caract£ristiques  dynamiques  genantes. 

Le  probleme  majeur  est  d'eviter  les  vibrations  sources  de  rupture  par  fatigue.  Pour  les  parties 
tournantes  vient  s'ajouter  le  probleme  de  dimensionnement  aux  contraintes  centrifuges  dues  a la  rotation. 

Les  possibility  d' ana  lyse  previs i onne 1 le  du  comportement  statique  et  dynamique  des  structures 
mecaniques  ont  connu  ces  dernidres  annees  un  deve loppement  considerable  etroitement  associe  au  developpe- 
ment  des  methodes  numeriques.  En  effet,  si  sur  le  plan  de  l'£criture  des  equations  peu  ou  rien  n'a  change, 
par  contre,  sur  le  plan  de  leur  traitement,  1 ’analyse  numerique  et  le  deve loppement  des  ordinateurs  ont 
permis  des  progres  considerables.  En  particulier,  en  mecanique  des  structures,  on  utilise  avec  succes  les 
po9sibilit£s  offertes  par  la  methode  des  elements  finis.  Elle  permet  par  exemple  de  connaitre  avec  preci- 
sion les  frequences  et  modes  d'un  systeme  complexe.  Son  role  previsionnel  etant  etabli,  la  question  est 
de  savoir  quelles  demarches  effectuer  lorsque  l'on  rencontre  dans  les  conditions  de  fonctionnement  des 
frequences  susceptibles  d 'occas ionner  de  graves  dommages.  Jusqu'd  une  periode  recente,  les  possibilites 
technologiques  pouvaient  se  classer  en  deux  categories  : ou  modifier  les  valeurs  des  frequences  de  reso- 
nance de  la  structure  par  adjonction  ou  enl&vement  de  materiau  ou  placer  des  etouffeurs  de  vibration.  Ces 
deux  solutions  ont  chacune  leurs  inconvenients  *.  la  premiere  conduit  tres  souvent  £ une  augmentation  de 
masse,  dommageable  sur  le  plan  du  rendement,  la  seconde  entraine  le  deplacement  d'une  ou  plusieurs  fre- 
quences . 

Depuis  peu  des  recherches  s 'orientent  vers  1 'uti li sation  de  materiaux  permettant  d'introduire 
un  amortissement  important  dans  la  structure  des  facteurs  de  suftension  pour  une  large  gatnme  de  frequen- 
ces. Les  probl£mes  poses  par  1 'usage  de  ces  materiaux  sont  encore  nombreux,  essentie 1 lement  lies  d leurs 
caracteristiques  mecaniques  tr£s  variables  en  fonction  de  la  temperature  et  de  la  frequence,  & leur  re- 
sistance encore  mal  connue  au  viei 1 lissement , d la  fatigue  et  aux  agents  chimiques  exterieurs. 

L'objet  de  cette  publication  est  de  montrsr  quelques  applications  pratiques  significati ves  des 
possibilites  actuelles  du  calcul  previsionnel  par  elements  finis  sur  les  moteurs  d'avions. 

On  va  presenter  les  paragraphes  suivants  : 

- Mise  en  equations, 

- Aubes  de  compresseurs, 

- Liaison  entre  les  etages  compresseurs  et  turbines, 

- Aubes  de  turbine. 


- Ensembles  disque-aubes , 

- Amortiasement  lam  effet  de  rotation. 


WISE  EN  EQUATIONS 

a)  Structures  an  rotation 

On  prdsente  ici  tres  brievement  la  maniere  dont  aont  etablies  lea  equations  dif ferentielles  du 
compor teme nt  d'une  atructure  en  rotation. 

D'une  maniere  generate  on  calcule  l'energie  cinetique  T et  l'energie  potentielle  U de  deforma- 
tion. Lea  calcula  aont  effectuls  dana  van  repere  lid  au  aolide  en  rotation  et  lea  termes  du  second  ordre 
aont  introduita  dana  lea  relationa  dep  lacements-de  format  i ons , ce  qui  permet  de  faire  intervenir  lea  effets 
de  rotation.  La  methode  des  elements  finis  eat  utilisee  comme  methode  numerique  et  lea  dep  lacerents  no- 
daux  6 aont  alora  des  coordonnees  generaliaees . On  applique  ensuite  lea  equations  de  Lagrange  jlj  : 


d_  3T  . SI  ly 
dt  KJirl  36  * 36  " 0 


Par  definition  : 


p.v  .v.dt 


B,  masse  volumique 
v(  vi tease 

La  structure  eat  diacrdtisde  et  lea  termes  de  l'Eq(l)  deviennent  : 


(I) 


(2) 


dt  (SJ'>  - 17  ■ M4“  * C4‘  ' °*V  ' F(fl2) 


(3) 


H,  mat  rice  de  masse 
C,  matrice  de  Coriolis 

matrice  de  raideur  supplemental  re 
F(il2),  force  centrifuge 

L'dnergie  potentielle  s'dcrit  : 


ti  vecteur  dea  deformations 
o,  vecteur  dea  contraintes 


e .o.dx 


Lea  contraintes  et  deformations  aont  reliees  par  : 

o ■ D.e 

D,  matrice  aymetrique  fonction  dea  caracteristiques  des  materiaux. 


D'ou 


U - i 


c .D.e.dx 


On  introduit  lea  termes  non  lineaires  dans  e : 


t • E.  ♦ E 

l n£ 


d'ou  il  vient  pour  U : 


U - j 


[ t 

€a  De.dx  ♦ 

C . .D.£„  .dx  ♦ -- 

1 l 

nt  t 2 

T 

T 

De  „dr 


n£  n£ 


(4) 


(5) 

(6) 

(7) 

(8) 


En  faiaant  intervenir  lea  contraintes  initiales  o0  - D.e  et  en  negligeant  la  3°  integrate  qui 


eat  d'ordre  auperieur,  l'Eq(8)  ae  reduit  1 : 


U - j 


On  en  tire 


e„  .D.e  dt  ♦ 

1 e 


3U 


ent  .o0.dT 


T ■ KS*V°°)'4 


(9) 


(10) 


avec  : 

K,  matrice  de  raideur 

Kq(oo),  matrice  de  raideur  des  contraintes  initiales  oq 

A partir  des  Eqs(l),  (3),  (11),  on  obtient  le  systeme  differential  qui  traduit  le  comportement 
de  la  structure  en  rotation  : 

M6* * ♦ C6*  ♦ (K  ♦ Kc(o0)  " H2MC)  - F(n2)  (11) 

On  suppose  1'effeC  de  Coriolis  n€gligeable  et  on  pose  : 


ou  6q  cat  solution  de  : 


6 ■ 6q  ♦ 

(K  ♦ kg(o0)  - n2Mc)«o  • F(n2) 


(12) 

(13) 
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Le  system*  matriciel  (13)  e»t  resolu  par  un  processus  iter at if  type  Nevton-Raphson. 

Ensuite  6}  satisfait  a : 

M4'*!  ♦ (K  ♦ Kc(o0)  - 0^)*!  - 0 (14) 

On  recherche  alors  6)  sous  la  forme  : 

«1  - (15) 

qui  reporce  dans  l'Eq(14)  fournic  l'equation  aux  valeurs  propres  : 

U2M410  - (K  ♦ Kc(o0)  - ri2MG)410  (16) 

dont  les  couples  solution  u>.  , 6 ^ q i sont  recherches  par  iterations  simultanees. 

Dans  le  cas  de  structures  axi symet riques  |2|,  | 3 | les  fonctions  de  deplacement  ont  prises  sous 
la  forme  de  deve loppements  en  serie  de fonctions  trigonometriques  sinus,  cosinus  de  1* angle  polaire.  Ces 
fonctions  etant  orthogonales  dans  l'intervalle  0-2w,  on  aboutit  a un  ensemble  de  systemes  di f ferentiels 
decouples  etablis  pour  chaque  valeur  de  l'ordre  n de  la  serie  trigonometrique . En  particulier  pour  n * 0 
le  mouvement  es  t symet  rique  et  on  a : 


Mq6°°  o ♦ (K0  ♦ Kg0(o0)  - fi2MGo)60  " W2)  (17> 

qui  en  procedant  comme  pour  le  systeme  (13)  permet  de  determiner  6q  et  oq  ainsi  que  les  frequences  et 
modes  symetriques. 

On  aboutit  ensuite  pour  n j*  0 3 : 


m"  ♦ (K  ♦ K (o0)  - n2H_  )6  - 0 (18) 

n n n on  w Gn  n 

Le  traitement  du  systeme  (18)  est  identique  d celui  defini  par  (13). 

Dans  le  cas  des  ensembles  disque-aubes  |4|,  on  observe  si  les  aubes  sont  assez  nombreuses  un 
comportement  analogue  a celui  des  structures  axisyme triques . On  demontre  qu'il  faut  ajouter  aux  energies 
potentielle  et  cinetique  du  disque  celles  d’une  aube  multipliee  par  N/2,  | 2 | avec  N,  nombre  d'aubes. 


b)  Structures  amorties 

Dans  la  seconde  partie  de  ret  expose  on  aborde  le  probleme  du  controle  des  vibrations  par  l'uti- 
lisation  de  materiaux  amor ti ss ants  | 5 | et  1 ' app lication  a 1 ' aeronaucique  | 6 | • On  rappelle  ici  le  principe 
d'obtention  des  equations. 


Si  la  structure,  en  notation  complexe-  est  soumise  a un  ensemble  de  forces  : 

F - F ejQt 


ft,  est  la  pulsation  de  1 'exci tation. 
Sa  reponse  est  du  type  : 


« - «o  ej£!t 


On  aboutit  au  systeme  d'equations 


(-  n2M  + in  .K  + K) 6q  - F 
a a w o 


(19) 


(20) 

(21) 


avec  : 

M, K , matrices  de  masse  et  de  raideur  classiques 
K , matrice  de  raideur  de  la  partie  amortissante 

n , facteur  d ' amortissement  structural, 
a 

En  utilisant  les  p premiers  modes  du  systeme  non  arnorti 
ment  de  variables  : 


et  en  effectuant  le  change- 


s0  “ (*1 *p)qp  ” ♦•qo 

il  vient  : 

(-  + jna0tKa0  + <fCK0)qo  * i)t.F 


(22) 

(23) 


q esc  un  vecteur  complexe  et  se  determine  en  resolvant  l'Eq(23)  pour  les  valeurs  souhaicees  de  fi.  Les  de- 
placements  nodaux  sont  alors  r£duits  de  l'Eq(22). 


Si  au  lieu  de  la  reponse  on  souhaite  connaitre  1 'amortissement  modal  global  de  la  structure  pour 
le  mode  i : ng.  il  se  deduit  aisement  de  la  relation  : 


ng 


.•♦.Sc*.  - 


n .<*.  k 

a i a 1 


(24) 


AUBES  DE  COMPRESSEURS 

Les  aubes  de  compresseurs  sont  minces,  vrillges  et  l'effet  de  rotation  n'est  pas  negligeable 
tout  au  moin8  pour  les  plus  basses  frequences- 

Le  comportement  dynamique  de  ces  aubes  est  defini  par  les  Eqs(l4),  qui  donnent  la  valeur  des 
contraintes  et  deplacements  initiaux  et  par  les  Eqs(16)  qui  permettent  le  calcul  des  frequences  et  des 
modes.  Les  aubes  sont  modeiisees  par  des  elements  triangulaires  plans  3 3 noeuds  et  6 degres  de  liberte 
par  noeud  construits  3 partir  de  deformees  defi.nies  en  coordonndes  d'aire  | 7 1 . 

On  n'utilise  pas  d'eiements  finis  3 double  courbure  car  la  surface  moyenne  de  la  coque  represen- 
tant  l'aube  est  mal  connue,  et  les  rayons  de  courbure  qui  correspondent  3 des  derivees  secondes  de  l'equa- 
tion de  la  surface  sont  alors  eux-memes  entach6s  d'une  trop  grande  marge  d'incertitude. 


_ 


** 
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La  figure  I presence  les  resultats  experimentaux  et  calculus  des  modes  2,  3,  4,  5. 

La  figure  2 correspond  A la  variation  des  frequences  en  fonction  des  vitesses  de  rotation. 

Enfin,  le  tableau  presente  les  valeurs  des  10  premieres  frequences  A 1 'arret  deduites  du  calcul 
et  de  1 'experience . 


8 

9 

10 

2 189 

2377 

2488 

2220 

2642 

2730 

i 


LIAISON  ENT RE  LES  ETAGES  COMPRESSEUR  ET  TURBINE 

Ces  liaisons  sont  axisymet riques  et  generalement  minces.  Leur  comportement  est  deduit  des  Eq(17) 
fournissant  les  contraintes  et  deplacements  initiaux  et  des  Eq(18)  qui  permettent  la  determination  des 
frequences  et  modes  pour  les  differents  ordres  des  deve loppements  des  fonctions  trigonome triques . Les  par- 
ties minces  sont  modeiisees^ar  des  elements  de  tronc  de  cone  droits  A deux  noeuds  et  quatre  degres  de  li- 
berte  par  noeuds,  u,  v,  w,  — ■ ip  et  on  a fait  appel  A la  theorie  des  coques  de  Novozhilov  pour  1 'expres- 
sion des  deformations. 

Les  parties  epaisses  sont  modeiisees  par  des  elements  de  tore  triangulaire  A 3 noeuds  et  3 de- 
gres de  liberte  par  noeuds. 

Ces  2 types  d'eiements  sont  representes  svjr  la  figure  (3). 

Deux  applications  sont  presentees,  la  premiere  est  un  capotage  de  moteur  et  l'effet  de  rotation 
n'intervient  pas.  Les  frequences  et  modes  sont  deduits  du  systeme  differentiel  (18)  ou  K - 0,  02M  - 0, 

le  maillage  est  effectud  par  des  elements  minces  et  1 'accord  entre  les  resultats  experimentaux  et  cllcuies 
est  satisfaisant  (figure  4). 

Le  deuxieme  exemple  est  une  structure  composee  d'un  ensemble  cone  cylindre  dont  l'epaisseur  est 
variable  et  qui  contient  des  renforcements . Des  elements  minces  et  epais  sont  utilises,  l'une  des  extremi- 
tes  est  considerde  comme  encastree,  l'autre  est  schematisee  par  des  ressorts  et  des  masses. 

On  presente  successi vement  : 

. les  modes  pour  n - 7 (figure  5) 

. les  frequences  de  type  cylindre  puis  de  type  cone  (figure  6) 
et  on  peut  remarquer  que  : 

- l'accord  entre  les  experiences  effectudes  A l'arret  et  les  calculs  est  satisfaisant, 

- pour  n > 3 les  modes  sont  generalement  de  type  cone  ou  cylindre  et  ceci  est  d'autant  plus  net 
que  pour  n determine,  il  s'agit  de  la  plus  basse  frequence, 

- les  frequences  augmentent  avec  la  vitesse  de  rotation. 


AUBES  DE  TURBINE 

Les  aubes  de  turbine  sont  epaisses  et  l'effet  de  rotation  generalement  negligeable.  Comme  dans 
le  cas  des  aubes  de  compresseur  le  comportement  dynamique  de  ces  aubes  est  defini  par  les  Eqs(14). 

On  utilise  comme  element  fini  un  element  isoparametrique  A 24  noeuds  et  3 degres  de  liberte  par  noeuds 
| 8 | • figure  7. 

La  figure  8 represente  une  aube  de  turbine  fixee  A un  tambour  par  une  attache  dite  en  "pied  de 
sapin".  Cette  structure  est  composee  de  3 parties  : 

(A)  le  corps  de  l'aube  proprement  dit, 

(B)  la  plateforme  reliant  le  corps  de  l'aube  au  pied, 

(C)  le  pied. 

L'aube  est  pratiquement  encastree  au  niveau  de  (D)  et  il  n'y  a pas  de  continuite  georaetrique 
entre  (1)  et  (B)  et  entre  (B)  et  (C) . La  modeiisation  de  la  plateforme  et  du  pied,  c'est-A-dire  de  la  par- 
tie  entre  (D)  et  (B)  apparait  tres  difficile.  Elle  est  realisee  par  un  ensemble  de  raideurs  et  de  masses 
dont  les  valeurs  sont  deduites  des  formules  simples  de  la  resistance  des  mat€riaux. 

L'aube  proprement  dite  a ete  modelisee  par  9 elements  finis.  Les  resultats  obtenus  sbnt  les 

suivants  : 


Frequences 

Experience 

Elements 

Finis 

Hz 

N - 0 tr/mn 

N « 0 tr/mn  ; 

N - 16000 

F1 

1368 

1370 

1456 

F2 

3133 

3354 

3401 

F3 

4661 

4755 

4809 

En  fonctionnement  la  temperature  est  de  l'ordre  de  700°C  d'ou  le  module  d 'Young  du  materiau 
diminue  et  par  voie  de  consequence  la  raideur  K.  Le  resultat  final  compte  tenu  des  effets  de  rotation 
(Kg  et  ft2Mg)  et  de  temperature  est  A 16000  tr/mn. 

F1  - 1334  F2  - 3084  F3  - 4355 


Il  apparait  done  que  l'influence  de  la  temperature  est  plus  grande  que  celle  de  l'effet  de 

rotation. 

Les  modes  sont  difficiles  A representer  et  ne  sont  qu'esquisses  dans  la  figure  9.  Le  premier 
est  plutot  un  mode  de  flexion,  le  deuxidme  de  flexion  torsion  et  le  troisieme  se  situe  dans  le  plan  de 
l'aube. 


ENSEMBLE  DISQUE-AUBES 


II  arrive  frequemment  que  las  aubes  ne  puissent  etre  considerees  isolement  et  qu'il  faille  Cenir 
compte  du  couplage  disque-aubes . Le  calcul  de  ces  types  de  structures  n'est  actue  1 lement  possible  que  si 
leur  comportement  est  du  type  axisymitrique . Dans  la  mesure  ou  il  ne  l'est  plus,  par  exemple  si  le  nombre 
d'aubes  est  faible,  on  ne  peut  proceder  corame  precedemment  | 9 | • 

Dans  le  cas  ou  les  ensembles  disque-aubes  sont  minces  les  aubes  sont  modelisees  par  des  poutres 
ou  l'on  tient  compte  des  mouvements  de  flexion  de  torsion  et  longitudinal.  Les  disques  sont  representes 
par  des  elements  axisymet riques . 

Dans  le  cas  ou  les  ensembles  disque-aubes  sont  epais,  les  aubes  sont  modelisees  par  des  elements 
super-parametriques  et  le  disque  est  represente  par  dee  elements  epais. 

Trois  series  de  resultats  experimentaux  et  theoriques  sont  presentees. 

La  premiere  serie  de  resultats  correspond  d un  ensemble  disque-aubes  mince  d'epaisseur  constante 
Pour  n suffisamment  grand  les  aubes  apparaissent  comme  encas trees  sur  le  disque.  En  effet,  l'energie  po- 
tentielle  de  deformation  des  aubes  est  independante  de  n alors  que  celle  du  disque  devient  pour  n assez 
grand  proportionne  1 le  & n . On  represente  sur  la  figure  10  les  resultats  theoriques  et  experimentaux  pour 
le  systeme  au  repos. 

Sur  la  figure  11  on  montre  l'influence  calculee  de  l'effet  de  rotation. 

Le  deuxieme  exemple  est  un  ensemble  disque  (epais)  aubes  (16  plaques).  L'accord  entre  les  resul- 
tats theoriques  et  experimentaux  (points  confondus)  figure  12  est  tres  satisf aisant . 

Enfin,  on  presente  le  calcul  d’un  etage  de  moteur.  Le  disque  est  d'epaisseur  variable  et  les 
aubes  ont  la  forme  usuelle  d'aubes  de  turbine,  forteraent  vrillees  elles  ne  sont  & la  liaison  avec  le  dis- 
que que  legerement  inclines  par  rapport  a la  verticale.  L'accord  entre  les  resultats  theoriques  et  expe- 
rimentaux est  convenables,  les  divergences  peuvent  vraissemb lab lement  s'expliquer  par  1 'impossibility 
d'dcrire  une  forme  de  continuite  entre  le  disque  et  les  aubes,  (figure  13). 


AMORTISSEMENT  SANS  EFFET  DE  ROTATION  | 6 | , | 10 | 

On  presente  maintenant  les  possibilites  d ' amortissement  d'un  etage  de  stator,  (figure  14). 

La  structure  est  constituee  d'aubes  partiellement  recouverte  de  materiaux  amortissants . Une  aube 
a ete  modelisee  par  des  elements  isoparametriques  et  les  liaisons  aux  extremites  sont  representees  par  des 
ressorts . 

L'etude  est  faite  £ temperature  ambiante  avec  un  materiau  ayant  des  caracteris tiques  proches  du 
materiau  a utiliser  en  haute  temperature.  II  s'agit  du  LD  400  et  on  presente  les  amortissements  nodaux  des 
deux  premiers  modes  (figure  15).  L'accord  entre  les  resultats  theoriques  et  experimentaux  est  satisfaisant 


CONCLUSION 

On  vient  de  presenter  divers  aspects  de  l'aide  que  le  calcul  par  elements  finis  apporte  dans  la 
mise  au  point  des  moteurs  d'avion.  S'il  est  evident  qu'un  code  de  calcul  ne  doit  jamais  se  substituer  com- 
pletement  a 1 'experimentation , la  pratique  et  le  savoir  faire,  il  n'en  demeure  pas  moins  que  la  prevision 
permet  d'eviter  des  erreurs  de  conception,  de  determiner  a priori  les  parties  des  structures  qui  travail- 
lent  dans  les  conditions  les  plus  severes  et  de  detecter  la  presence  des  frequences  de  resonance. 

Quant  aux  possibilites  offertes  par  1 ' amortissement , elles  sont  seulement  brievement  evoquees. 

En  effet,  les  deve loppements  possibles  de  cette  technique  sont  encore  tres  lies  a des  imperatifs  technolo- 
giques . 
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Summary 

The  past  25  years  have  seen  significant  advances 
in  theoretical  analyses  through  the  use  of  computers 
and  advancing  techniques.  Despite  this,  experimen- 
tal analyses  are  used  more  extensively  in  aircraft 
engine  design  today  than  ever  before,  primarily  be- 
cause of  the  demands  for  extended  component  life. 

This  paper  is  a perspective  of  prominent  experi- 
mental techniques  used  in  current  aircraft  engine 
stress  analyses.  It  addresses  to  the  verification  of 
temperature,  stress,  steady  state  and  dynamic  de- 
formation, pressure,  and  fatigue  strength  by  employ- 
ing: advancements  in  instrumentation,  including 
high-energy  X-rays  and  high  durability  strain  gages; 
computers  and  software  to  reduce  vast  amounts  of 
data;  increased  photoelastic  capabilities;  and  ad- 
vancements for  reproducing  loading  and  environ- 
mental conditions  in  laboratory  component  tests. 

These  experimental  techniques  and  disciplines 
have  continued  to  advance  in  both  capability  and 
importance,  and  the  state  of  the  art  in  structural  en- 
gineering would  be  significantly  reduced  without 
them. 

introduction 

During  the  late  50  s,  some  experts  suggested  that 
by  1980  our  theoretical  analysis  capabilities  would 
become  so  advanced,  through  high  technology  and 
the  use  of  computers,  that  the  field  of  Experimental 
Stress  Analysis  (ESA)  would  be  relegated  to  a minor 
role  for  aircraft  engine  design.  Our  understanding  and 
capability  in  theoretical  stress  and  heat-transfer 
analyses  have,  in  fact,  progressed  several  orders  of 
magnitude  beyond  the  most  optimistic  expectations. 
Rotating  disk  analyses  that  took  an  engineer  three 
days  to  perform  in  1 950  could  be  completed  in  half  an 
hour  by  1960.  Heat-transfer  analysis  techniques 
using  computers  were  developed  to  make  the 
critical-temperature  predictions  necessary  to  obtain 
realistic  stress  distributions  for  component  design. 
Using  computer  techniques,  complicated  rotor  shell 
and  disk  structures  that  took  three  to  six  months  to 
approximate  in  I960  could  be  analyzed,  in  a refined 


manner,  in  one-sixth  the  time  by  1970.  Now  blades 
can  be  analytically  modeled  to  determine  airfoil 
stresses  and  vibratory  modes  with  an  accuracy  pre- 
viously considered  unattainable.  Complex  and  highly 
redundant  structures  with  many  degrees  of  freedom 
are  now  routinely  analyzed  for  critical  frequencies 
and  mode  shapes,  including  identification  of  the  most 
responsive  modes. 

In  spite  of  these  impressive  advances  in  theoretical 
methods,  experimental  techniques  to  determine  both 
steady-state  and  transient  stresses  and  vibrations  in 
gas  turbine  components  are  used  more  extensively 
today  than  twenty  years  ago.  A major  reason  for  this 
is  the  need  to  accurately  determine  component  life. 
This  has  proven  to  be  the  most  difficult  of  all  analytical 
predictions  because  it  involves  an  understanding 
both  of  inelastic  material  behavior  and  of  the  repeated 
strain  range  to  which  an  engine  pari  is  subjected  over 
a period  of  several  years.  In  many  cases,  the  operat- 
ing conditions  and  resulting  strain  can  only  be  learned 
in  operational  service,  often  too  late  to  prevent  costly 
mechanical  failures.  For  accurate  life  predictions, 
comprehensive  understanding  is  required  of  both  the 
material  behavior  and  the  state  of  stress  under  the 
total  range  of  operation  as  defined  by  the  aircraft 
mission.  The  previously  accepted  ± 10  to  20  percent 
accuracy  standard  for  stress  analysis  is  no  longer 
adequate  since,  as  illustrated  in  Figure  1 , small  inac- 
curacies in  calculated  stresses  can  result  in  large  life 
variations.  However,  by  combining  theoretical  and 
experimental  methods  in  a "hybrid  analytical”  model, 
a ± 5 percent  accuracy  for  stress  determination  can 
be  attained  in  critical  parts,  thereby  reducing  the  var- 
iability in  life  calculations. 

A key  objective  of  ESA  techniques  is  the  accurate 
and  timely  determination  and  verification  of  stress 
and  thermal  gradients  and  temperatures  in 
complex-geometry  parts  that  function  in  high  opera- 
tional steady-state  and  alternating  stress  fields.  The 


importance  of  establishing  an  accurate  experimental 
model  to  either  verify  or  supplement  the  theoretical 
analysis  cannot  be  over-emphasized.  Although  sel- 
dom acknowledged,  costly  design  mistakes  have 
been  associated  with  so-called  "short  cut"  experi- 
mental testing.  Over-simplified,  experimental  models 
that  omit  essential  portions  of  the  engine  operational 
mission  can  result  in  misleading  information  and  de- 
sign mistakes.  When  such  costly  mistakes  are  dis- 
covered, a reevaluation  of  the  experimental  test  usu- 
ally reveals  that  one  or  more  important  operational 
factors  were  left  out.  To  avoid  these  costly  occur- 
rences, a critical  review  of  the  experimental  modeling 
and  testing  is  necessary  to  assure  that  all  mission 
simplifications  are  either  unavoidable  due  to  technol- 
ogy limitations,  or  approximated  by  using  other  tech- 
niques. The  development  of  ESA  methods  that 
closely  duplicate  engine  operation  is  destined  to  play 
an  ever-increasing  role  in  engine  design  and  devel- 
opment. 

A number  of  ESA  techniques  have  been  the  pri- 
mary tools  used  to  measure  the  strains,  tempera- 
tures, pressures,  and  accelerations  which  are  critical 
to  engine  design  and  development,  and  im- 
provements through  evolution  and  the  addition  of 
newer  ones  have  expanded  the  inventory.  To  apply 
ESA  techniques  effectively,  an  understanding  of  the 
uses,  limitations,  and  interrelationships  is  essential. 
This  paper  addresses  to  the  more  prominent  experi- 
mental techniques,  their  limitations,  and  how  they  are 
used  in  the  design  of  aircraft  engines  today.  With  a 
few  exceptions,  the  order  of  discussion  broadly  re- 
flects a chronological  sequence  commonly  followed 
in  the  design  and  development  process. 

Determining  the  Natural  Frequency 
and  Mode  Shapes  of  Blading 

It  is  accepted  that  a thorough  understanding  of 
dynamic  responses  in  turbomachinery  blades  is  es- 
sential to  successful  engine  development.  Experi- 
mental procedures  and  methods  have  performed  an 
extremely  important  role  in  the  advancement  of  ana- 
lytical techniques  by  providing  steady-state  and  al- 
ternating stress/strain  response  measurements  in 
these  important  components.  These  experimental 
techniques  have  provided  references  to  which  the 
analytical  models  can  be  correlated,  and  then  mod- 
ified to  permit  use  of  the  analyses  over  a broad  range 
of  operational  conditions  with  good  accuracy. 

In  the  early  stages  of  development,  blades  or  blade 
models  are  driven  by  an  electromagnet  to  excite  natu- 
ral frequencies.  The  results  are  used  to  determine 
strain  distributions  for  each  mode  of  vibration,  while  a 
portable  vibration  pickup  is  used  to  determine  the 
nodal  patterns  for  the  respective  modes.  Figure  2 


shows  a comparison  of  analytical  and  experimental 
models  for  several  modes  to  illustrate  the  accuracy  of 
the  analysis.  The  comparison  in  Figure  2 serves  as  an 
important  check  for  assurance  that  the  analytical 
model  is  properly  constructed,  thus  enabling  its  use 
for  a broad  range  of  engine  operating  conditions.  For 
example,  the  choice  of  the  proper  mesh  size  for  the 
finite  elements  is  critical  to  the  accuracy  of  the 
analyses,  especially  for  high  frequency  modes 

In  many  cases,  it  is  desirable  to  obtain  the  actual 
mode  shape  over  the  entire  blade.  The  use  of  holog- 
raphy, involving  a type  of  photography  where  precise 
images  are  formed  from  light  waves,  has  proven  to  be 
an  accurate  method  for  the  overall  understanding  of 
mode  shapes  in  airfoil  structures.  This  technique 
utilizes  a laser  point  source  of  coherent  (in-phase) 


light  waves  that  produce  transparent  images  of  the 
blade  surface  in  the  form  of  complex  interference 
fringes.  When  the  holographic  image  of  the  blade  is 
superimposed  on  the  actual  blade  surface  and  the 
blade  is  vibrated,  the  differences  between  the  images 
produce  interference  fringes  at  nodes  and  antinodes. 
When  the  exciting  frequency  of  the  blade  matches  the 
natural  frequency,  the  interference  fringes  become 
sharply  defined  and  can  be  recorded  on  a photo- 
graphic plate.  Figure  3 shows  a comparison  of  a 
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three-dimensional  (3-0),  finite-element  analysis  and 
a holographic  test  for  the  first  and  fifth  frequencies  of 
a compressor  blade.  For  the  first  flexural  mode,  the 
agreement  between  the  analytical  model  and  holog- 
raphic measurement  is  within  1 percent.  For  the  fifth 
mode,  which  is  approximately  ten  times  the  fre- 
quency of  the  lowest  fundamental,  the  calculated 
value  is  about  1 0 percent  higher  than  the  holographic 
result.  This  difference  is  mainly  attributed  to  the  mod- 
eling accuracy  of  the  finite-element  system  and,  as 
expected,  indicates  sensitivity  of  plate  thickness  in 
the  higher  modes.  The  fringes  in  the  lower  modes 
show  remarkable  agreement  between  the  theoretical 
and  the  experimental  techniques.  Thus,  the  need  for 
venfication  of  mode  shapes  by  alternate  methods  is 
shown  to  be  essential  to  accurate  stress  determina- 
tions. Holography  is  not  utilized  as  extensively  as 
strain  gages  to  measure  stress  because  stress  is  a 
function  of  the  second  derivative  of  deflection  and  is 
not  readily  determined  by  holographic  methods  with- 
out an  extremely  accurate  definition  and  interpreta- 
tion of  the  holographic  fringes.  As  a result,  holog- 
raphy will  play  a secondary  role  until  a practical  capa- 
bility to  measure  stress  gradients  is  developed. 

Once  the  blade  nodal  patterns  and  frequencies  are 
determined  under  static  conditions,  the  increase  in 
frequency  caused  by  the  rotor  centrifugal  stiffening 
effect  must  be  determined  and  a Campbell  diagram 
constructed.  This  diagram,  shown  in  Figure  4,  is  both 
experimental  and  theoretical.  The  blade  centrifugal 
and  thermal  effects  due  to  rotation  are  determined 
from  an  analytical  model  which  must  be  refined  and 
modified  to  have  the  frequencies  at  zero  speed  agree 
with  experimental  data.  The  crossings  of  the  blade 
natural  frequencies  with  the  engine  ' per  rev"  excita- 
tions are  potential  high  stress  resonances.  These 
regions,  circled  in  Figure  4,  are  heavily  influenced  by 
design  configuration  selections  such  as  the  number, 
shape,  and  proximity  of  upstream  and  downstream 
struts  and  vanes.  The  Campbell  diagram  is  important 
in  turbomachinery  design  to  aid  the  selection  of  airfoil 
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configurations  that  avoid  high-stress  resonances 
within  the  engine  operating  range.  It  also  serves  as  a 
checklist  and  roadmap  for  instrumented-engine  test- 
ing. For  example,  the  vibratory  modes  revealed  by 
the  Campbell  diagram  establish  the  strain  gage  loca- 
tions on  the  airfoil  that  are  used  to  monitor  and  record 
stress  levels  during  engine  test.  These  pretest  prepa- 
rations are  essential  for  prompt  evaluation  of  dynamic 
responses  during  fast. 

Blade  Structural  Design  and  Analysis 

In  addition  to  the  damaging  resonances  discussed 
above,  the  Dlading  in  a turbomachine  is  vulnerable  to 
failure  for  a variety  of  other  reasons.  One  common 
failure  mode  is  associated  with  impact  damage  and 
subsequent  fatigue  failure  resulting  from  forced 
vibration. 

The  airfoil,  primarily  through  aerodynamic  consid- 
erations, is  relatively  free  of  stress  concentrations; 
however,  discontinuity  locations  such  as  shrouds, 
airfoil-root/platform  transistions,  shanks,  and 
dovetails  create  some  high  stress  regions.  The  blade 
structure  below  the  platform  is  of  particular  interest 
because  discontinuities  in  the  tensile  load  path  from 
the  airfoil,  through  the  platform  and  shank,  to  the 
dovetail  can  introduce  high  stress  concentrations 
which  are  commonly  referred  to  as  "end  effects."  A 
common  practice,  used  to  minimize  engine  damage 
resulting  from  blade  failures,  is  designing  the  disk 
dovetail  post  to  be  stronger  than  the  blade  dovetail 
which,  in  turn,  is  designed  to  be  stronger  than  the 
airfoil.  This  practice  will  reduce  the  total  mass  of 
fragments  in  the  event  of  a failure.  To  achieve  this 
objective,  the  effects  of  stress  concentrations  at  suc- 
cessive junctions  between  the  airfoil-root,  platform, 
shank,  and  blade  dovetail,  as  well  as  concentrations 
in  the  disk  post,  must  be  understood.  Figure  5 pre- 
sents end  effects  stress  concentrations  both  for  the 
suction  and  for  the  pressure  surfaces  at  the  airfoil- 
root  of  a radially  loaded  fan  blade  as  a function  of  the 
blade  chord.  This  stress  distribution  was  determined 
by  numerous  strain  gages  in  a bench  test  where  a 
radial  load  was  applied  at  the  blade  tip  to  simulate  the 
centrifugal  load  induced  by  rotation.  Application  of 
this  radial  load  must  be  carefully  done  to  eliminate 
undesired  bending  moments  that  can  influence  the 
stress  distribution  at  the  blade  root.  Similarly,  a twist- 
ing moment,  to  simulate  torsion,  and  two  orthogonal 
bending  moments  are  separately  applied  to  evaluate 
the  stresses  for  all  load  combinations  experienced 
during  engine  operation. 

This  experimental  analysis  is  used  as  a master  to 
evaluate  and  verify  the  accuracy  of  a finite-element 
computer  model  as  shown  in  Figure  5.  The  model 
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offers  convenience  in  predicting  the  effects  of  design 
changes  and  combined  loading.  Note  that  the 
maximum  stresses  in  the  airfoil-root  section  are  sub- 
stantially higher  than  the  average  but  are  strategically 
placed  away  from  the  leading-edge  region  which  is 
susceptible  to  foreign  object  damage. 


Advances  in  3-0,  photoelastic  modeling  and 
analysis  have  also  proved  valuable  to  understanding 
the  stress  gradients  in  the  airfoil  and  the  root  end 
effects  which  include  the  lower  shank  and  dovetail 
structure.  The  platform,  shank,  and  dovetail  regions 
have  aiways  been  particularly  difficult  to  analyze,  es- 
pecially for  blades  with  high  twist  gradients  and  where 
pockets  and  cavities  are  machined  in  the  shank  to 
reduce  the  rim  centrifugal  load.  The  3-D,  photoelas- 
tic, stress-freezing  method  is  practical  for  such 
analysis  because  of  the  diphase  material  behavior 
occurring  in  many  polymeric  solids.  The  molecules  in 
these  materials  are  held  together  by  primary  and 
secondary  bonds,  and  when  such  a material  is  sub- 
jected to  loads  at  room  temperature  both  sets  of 
molecular  bonds  carry  the  applied  load.  However, 
when  the  temperature  is  increased  to  the  critical  level, 
the  secondary  bond  is  relieved,  leaving  the  primary 
bond  to  carry  the  entire  load.  At  this  point,  relatively 
large  deformations  occur  but  are  still  within  the  elastic 
range.  If  polarized  light  is  passed  through  the  solid, 
double  refraction  takes  place  with  the  relative  retarda- 
tion of  the  two  light  components  (or  fringe  order) 
being  linearly  related  to  the  stress.  When  the  temper- 
ature is  again  lowered  to  room  temperature  with  the 
loads  still  applied,  the  secondary  molecular  bonds 
reform;  the  deformation  and  the  photoelastic  fringe 
effect  are  locked-in  just  as  they  existed  at  the  critical 
temperature.  Because  "thawing”  and  "freezing" 
occur  on  a molecular  scale,  thin  slices  may  be  cut 
from  the  "frozen  stress"  model  for  analysis  without 
disturbing  the  deformation  or  the  double- refraction 
properties. 


The  3-D  technique  is  used  effectively  by  making  a 
photoelastic  blade  model  of  epoxy  resin  and  radially 
loading  it  to  simulate  centrifugal  effects  in  the  load 
path  junctions  of  the  airfoil-root,  platform,  shank,  and 
dovetail.  The  load  is  applied  in  a stress-freezing  oven 
by  suspending  the  blade  from  a dovetail-slotted  block 
of  epoxy  resin  and  hanging  a weight  from  its  tip  using 
transits  for  precise  load  alignment.  Figure  6 shows 
the  stress  distribution  of  the  sectioned  blade  as  a 


function  of  chord  for  the  shank  region  below  the  plat- 
form. The  variation  between  photoelastic  and  strain 
gage  results  was  at  least  partially  accounted  for  by 
small  dimensional  differences  between  the  photo- 
elastic model  and  the  strain  gaged  part. 

In  contrast,  stress  analysis  using  a blade  or  blade 
model  instrumented  with  strain  gages  has  the  capa- 
bility of  being  bench  tested  repeatedly  with  different 
unit  loads  or  even  combinations  of  loads.  However, 
the3-D,  photoelastic  method  offers  the  advantage  of 
providing  significantly  more  detail  including,  for 
example,  the  true  peak  stress  in  dovetail  fillet  regions 
where  strain  gage  application  is  impractical.  The  dis- 
advantage of  the  photoelastic  method  is  that  a new 
blade  model  is  required  for  each  load  condition.  This 
means  that  a minimum  of  four  models  is  required  for 
the  radial  load  and  the  moment  loads  about  three 
axes. 

Occasionally,  there  are  considerable  discrepan- 
cies between  the  results  of  different  ESA  techniques. 
This  dictates  the  need  for  careful  evaluation  because 
none  of  the  techniques  can  be  relied  upon  totally  until 
the  differences  are  understood  and  resolved;  thus,  it 
is  very  important  for  the  engineer  to  understand  the 
characteristics  and  limitations  of  the  various  ESA 
techniques. 


Evaluating  Blade  Fatigue  Strength  By 
Bench  Testing 

The  actual  fatigue  strength  of  engine  components 
is  best  evaluated  by  bench  testing  where  the  parts  are 
subjected  to  vibratory  loads  to  induce  failure.  For 
example,  an  electromagnetic  exciter  is  used  to  drive 
instrumented  blades  to  failure  in  lower  order  vibratory 
modes.  Higher  mode  failures  are  usually  evaluated  in 
a siren  facility  that  has  the  capability  of  exciting  higher 
frequencies  with  pulsating  pressure  waves.  This  test- 
ing of  blades  is  performed  to  evaluate  the  design, 
material,  and  manufacturing  processes  under  par- 
tially simulated  conditions.  For  example,  heating  coils 
are  used  to  provide  thermal  effects  when  hot  fatigue 
testing  is  required.  The  evaluation  includes  a com- 
parison of  the  blade  fatigue  strength  with  the  basic 
material  properties  for  assurance  that  the  parent- 
metal  fatigue  strength  is  achieved  in  the  finished  part. 
The  component  blade  strength  occasionally  falls 
below  the  predicted  strength  of  the  parent  metal  due 
to  unpredicted  stress  gradients,  materials  properties 
under  specification  limits,  and  manufacturing  process 
effects.  The  fatigue  testing  must  be  done  at  tempera- 
ture conditions  simulating  engine  operation.  Once 
this  testing  is  accomplished,  a fatigue-limit  diagram 
can  then  be  completed  for  the  blade  as  shown  in 
Figure  7.  Development  of  this  diagram  is,  therefore, 
dependent  on  both  experimental  and  theoretical  re- 
sults. This  diagram  is  used  in  the  design  phase  to 
show  the  alternative  combinations  of  maximum 
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Figure  7 

steady-state  and  alternating  stresses  that  can  be 
used  for  a particular  material.  The  fatigue-limit  curve 
identifies  the  maximum  permissible  alternating  stress 
for  infinite  fatigue  life  (107  cycles).  The  HCF  strength 
envelope  is  also  used  to  establish  the  safe  operating 
stress  or  "scope”  limits  for  blading  during  component 
and  engine  testing  in  the  development  phase.  Scope 
limits  are  prepared  for  each  of  the  potential  resonant 
conditions  on  the  Campbell  diagram.  When  the 
blade-vibration  signals  from  the  strain  gages  are  dis- 
played on  an  oscilloscope  during  testing,  these 


preestablished  limits  are  used  as  a measure  of  the 
stress  maigin  to  crack  initiation. 

Experience  has  taught  us  to  be  prepared  for 
short-duration,  high-amplitude  stress  responses  dur- 
ing resonances,  operating  transients,  stalls,  inlet  dis- 
tortions, off-schedule  variable  stator  operation,  or 
aeromechanical  instability;  any  of  these  can  cause 
low  cycle  fatigue  (LCF)  damage.  To  establish  the 
LCF  capability  of  the  blade,  a stress  versus  cycles- 
to-failure  (S-N)  diagram,  similar  to  Figure  1 , is  con- 
structed using  fatigue  data  generated  from 
material-characteristics  testing.  The  S-N  plot  is  es- 
sential in  evaluating  the  life  of  blades  subjected  to 
high-amplitude  fatigue  and  in  evaluating  the  man- 
ufactured blade  strength  relative  to  test-bar  data  for 
the  parent  material.  The  LCF  and  HCF  strengths  of 
the  blade  should  fall  within  a small  scatter  band  with 
failures  originating  in  the  same  general  area  and 
matching  within  10  to  20  percent  of  the  test  bar  data. 
When  this  occurs  the  capability  of  the  material  has 
been  properly  integrated  with  the  design  and  man- 
ufacturing process. 

Dynamic  Testing  in  Rotating  Facility 

Determining  component  fatigue  strength  requires 
dynamic  testing  with  centrifugal  loading.  This  is 
achieved  through  the  use  of  the  “whirligig”  shown  in 
Figure  8 which  is  a rotating  rig  capable  of  running  at 
engine  speed.  Vibratory  stresses  can  be  induced  by 
arranging  a series  of  high  pressure  air  jets  to  im- 
pinge on  the  blading.  For  example,  an  eight-per-rev 
mode  can  be  simulated  by  using  eight  nozzles  to 


provide  the  stimulus  or  driving  excitation.  This  facility 
has  wide  versatility  and  can  be  used  to  evaluate  the 
strength  and  response  of  several  configuration  op- 
tions in  a back-to-back  comparison.  For  instance,  a 
low  pressure  turbine  rotor  was  recently  tested  with 
two  types  of  blade-shank  designs  and  several  inter- 
nal platform  damper  configurations.  The  test  showed 
that  it  was  possible  to  reduce  the  measured  vibratory 


stress  by  a ratio  of  3:1  when  a certain  combination  of 
blade-shank  thickness,  damper  weight,  and  contact 
angle  was  chosen. 

The  advantages  of  instrumented,  dynamic  testing 
in  the  whirligig  are: 

• The  actual  blade  and  blade-disk  frequencies, 
including  the  rotational  effects  over  the  com- 
plete speed  range,  can  be  determined  for  a 
more  accurate  Campbell  diagram  (Figure  4). 

• Analytical  stress  and  frequency  models,  in- 
cluding the  centrifugal  effects,  can  be  up- 
dated. 

• Relative  vibratory  response  of  the  blading  can 
be  evaluated  as  a function  of  the  number  and 
pressure  level  of  the  exciting  air  jet  nozzles, 
and  alternate  design  configurations  can  be 
evaluated  for  vibratory  response.This  is  par- 
ticularly important  in  developing  effective 
blade-damping  devices  for  turbine  blades  that 
operate  at  high  temperatures  and,  therefore, 
have  relatively  low  fatigue  strength  to  resist 
both  random  and  resonant  vibratory  modes. 

For  a case  in  point,  Figure  9 shows  a compressor 
discharge  seal  that  failed  in  2,500  fleet  service  cy- 
cles after  operating  successfully  for  9,000  cycles  in 
factory  engine  tests.  Since  determining  and  verifying 
failure  modes  are  fundamental  to  successful  design 
fixes,  a transient  thermal  whirligig  test  was  specif- 
ically designed  to  simulate  fleet  service  operation. 
This  was  initiated  after  it  had  been  established  that 
accelerated  factory  endurance  testing  did  not  allow  a 
sufficient  cool-down  cycle  or  thermal  strain  range 


excursion  as  experienced  in  fleet  service  operation. 
When  the  part  was  both  speed  and  thermal  cycled  to 
simulate  fleet  service  operations,  cracks  were  ob- 
served in  the  same  location  as  those  found  in  fleet 
service.  A redesigned  part  with  reduced 
meridional-bending  stress  was  tested  using  the 


same  simulation  technique,  and  5:1  improvement  in 
cyclic  life  was  achieved.  The  improved  part  was 
promptly  released  for  fleet  service  where  a substan- 
tial life  improvement  was  realized.  Thus,  transient 
heating  and  cooling  in  a rotating  cyclic  rig  provided  a 
more  complete  evaluation  of  the  transient  thermal 
stresses  in  a complex,  rotating  component. 

Experimental  Stress  Analysis  of  Bird 
Strikes 

The  determination  of  bird  strike  capability,  which  is 
almost  completely  dependent  on  ESA  techniques, 
utilizes  the  whirligig  facility  as  an  important  evaluation 
tool.  In  combination  with  a compressed-gas  gun  that 
propels  simulated  birds  into  the  rotor,  the  facility  is 
used  to  approximate  the  stresses  and  deflections 
caused  by  bird  strikes  under  engine-operating  condi- 
tions. This  technique  is  particularly  useful  in  evaluat- 
ing and  understanding  high-speed-impact  situations 
where  large,  plastic  deformations  take  place  on  blad- 
ing, and  analytical  modeling  using  current  theoretical 
techniques  is  not  an  accurate  simulation.  Experimen- 
tal stress  and  deformation  analyses  of  this  type,  often 
in  conjunction  with  high  speed  photography,  are  used 
to  determine  the  impact  resistance  of  fan  blades.  A 
silicone  rubber  “bird"  in  the  form  of  a cylinder  is  used 
for  more  consistent  test  results.  Its  use  also  avoids 
the  substantial  cleanup  time  required  when  actual 
bird  carcasses  are  propelled  into  rotating  blades.  The 
silicone  rubber  projectiles  are  calibrated  to  match  the 
particular  size  birds  under  investigation. 

Figure  1 0 shows  typical  damage  to  fan  blades  after 
being  impacted  by  medium-size  projectiles  propelled 
at  a velocity  and  rotor  speed  simulating  engine 
takeoff  conditions.  In  this  type  of  test,  a crack  occa- 
sionally developed  in  the  airfoil  ahead  of  the  midspan 
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shroud  as  a result  of  the  impact.  This  also  duplicated 
several  blade  cracks  found  in  fleet  service  after  actual 
bird  strikes.  An  analysis  of  the  data  indicated  that  an 


impact  at  the  blade  leading  edge,  forward  of  the 
midspan  shroud,  could  produce  cracking  under  cer- 
tain conditions  of  engine  speed  and  aircraft  velocity. 
The  cause  of  this  cracking  was  attributed  to  the  ab- 
rupt change  in  stiffness  at  the  airfoil-to-shroud  transi- 
tion which  acted  as  a stress  concentration.  A modifi- 
cation to  the  shroud  was  made  by  removing  material 
to  provide  a more  gradual  transition  of  section  mod- 
ulus from  the  airfoil  to  the  shroud  as  shown  in  the 
platform  view  in  Figure  11.  Numerous  blades  re- 
worked to  this  improved  configuration  were  bird- 
impact  tested  in  the  whirligig  under  the  same  condi- 
tions, and  none  exhibited  cracks.  As  a result  of  this 
experimental  analysis,  the  modified  blade  was  re- 
leased to  fleet  service  as  a product  improvement, 
thus  verifying  the  importance  of  ESA  techniques  to 
the  design  refinement  process. 


The  analytical  stress  model  for  a complete,  rotating 
component  can  be  validated  economically  in  a cyclic 
spin  pit.  Rotor  assemblies,  suspended  from  a revers- 
ible steam  turbine  drive,  with  rapid  deceleration 
capability  are  run  in  an  armored  pit  which  is  partially 
evacuated  to  reduce  turbine  drive  power  require- 
ments and  turbulent  heating.  A large  number  of 
start/stop  cycles  can  be  completec  in  a relatively 
short  time  to  verify  the  calculated  cyclic  life.  Detailed 
periodic  inspection  of  stress  concentration  regions 
such  as  bolt  holes,  dovetails,  circumferential  loading 
slots,  and  flanges  can  be  conducted  during  the  test  to 
identify  possible  wear,  fretting,  or  crack-initiation 
sites.  Cyclic  rig  testing,  therefore,  affords  the  advan- 
tage of  determining  component  life  without  direct 
knowledge  of  the  detailed  state  of  stress.  Occasion- 
ally this  type  of  testing  reveals  unexpected  areas  of 
distress  that  were  missed  during  prior  analyses  or 
component  tests;  thus,  prompting  reanalysis  and 
perhaps  additional  testing  to  determine  the  root 
cause.  The  cyclic  testing  of  engine  components  is 


destined  for  increased  popularity  since  effects  of 
wear,  fretting,  bolt  preload,  and  other  stress  concen- 
tration areas  would  be  automatically  included. 

Static  Structural  Testing 

Large  engine  structures  can  be  statically  loaded  to 
determine  operating-clearance  deformations  as  well 
as  the  strain  range  required  to  predict  cyclic  life.  An 
engine  mounted  on  an  aircraft  pylon  can  be  loaded  to 
simulate  the  deflections  that  occur  during  operation. 
When  the  structure  is  instrumented  with  deflection 
transducers,  deformation  on  large  surface  areas  can 
be  mapped  and  recorded.  At  the  same  time,  strain 
gages  placed  in  known  and  potential  stress- 
concentration  regions  can  be  used  to  record  peak 
stresses.  All  the  stress  and  deflection  input  from  the 
instrumentation  is  fed  into  the  computer  for  quick  and 
economical  processing  to  analyze  and  evaluate  the 
design  configuration. 

Engine  System  Vibration 

Service  experience  has  demonstrated  that  a 
smooth-running  engine  operates  longer,  with  fewer 
problems,  and  at  lower  direct  operating  costs.  Thus, 
precise  balancing  is  an  integral  part  of  the  engine 
assembly.  Increased  vibration  level  in  a production  or 
field  engine,  therefore,  usually  indicates  a broken  part 
or  a missing  piece  from  a blade.  The  use  of  ac- 
celerometers mounted  on  bearings  and  frames  to 
measure  vibration  for  on-line  condition  monitoring 
(mass  imbalance,  bearing  failure,  and  stall  detection) 
and  long-term  trending  is  becoming  widespread.  The 
vibration  signatures  are  also  used  for  fault  isolation  by 
matching  them  with  the  signatures  from  engines  with 
known  faults. 

When  high  system  vibration  occurs  during  the  early 
development  phase,  it  often  signifies  the  presence  of 
a basic  design  problem  such  as  shifting  parts,  reso- 
nance, and/or  unstable  internal  aerodynamics.  Ac- 
celerometers mounted  in  the  bearings,  frames,  and 
casings  are  widely  used  to  correlate  the  engine  vib- 
ratory response  with  an  analytical  model.  The  analyt- 
ical model  is  updated  on  the  basis  of  this  correlation, 
and  design  changes  are  recommended  where 
necessary. 

Recent  advances  in  accelerometer  technology 
have  made  it  possible  to  obtain  vibration  signatures 
even  at  high-temperature  locations.  Also,  the 
dynamic  range  has  been  extended  to  measure  low- 
frequency/low-to-high  amplitude  as  well  as  high- 
frequency/low-to-high  amplitude  responses.  This  ex- 
tended thermal  and  frequency  range  in  accelerome- 
ter measurements  for  application  in  ESA  methods  is 
particularly  helpful  in  determining  overall  engine 
health  and  suitability  for  production  release. 
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Photoelastic  Analyses  Using  Rotating 
Models 

An  exciting  application  of  photoelasticity  which  of- 
fers new  inroads  in  stress-gradient  determination  for 
complex  geometries,  has  been  developed.  Analysis 
of  complete,  polymer  models  of  rotating  assemblies 
including  disks,  blades,  retainers  and  bolts  is  now 
possible.  Rotational  stresses  are  frozen  into  bladed 
disk  assemblies  in  a specially  designed  vacuum 
oven.  When  mounted  in  such  a facility,  the  model  is 
slowly  rotated  by  a variable-speed  motor  as  the  oven 
temperature  is  gradually  increased.  Temperature 
gradients  in  the  model  are  minimized  by  carefully 
adjusting  the  rate  of  heating.  When  the  critical  tem- 
perature is  reached,  the  oven  is  evacuated  (for  tests 
where  air  loads  must  be  eliminated),  and  the  rotor  is 
brought  up  to  the  required  speed  to  produce  the  de- 
formation resulting  from  a preselected  stress  level. 
After  the  model  has  stabilized  at  the  critical  tempera- 
ture, the  oven  temperature  is  slowly  reduced  with 
continuous  monitoring  and  control  of  the  temperature 
to  limit  temperature  gradients.  When  the  temperature 
has  dropped  low  enough  for  the  stress-freezing  to  be 
complete,  the  vacuum  is  slowly  released,  and  rotation 
is  stopped. 

After  the  oven  reaches  room  temperature,  the 
model  is  removed  and  analysis  begins.  Thin  slices 
are  cut  along  planes  where  stress  measurements  are 
desired.  These  slices  are  placed  in  a polariscope  to 
determine  fringe  orders  and  stress  directions.  De- 
pending on  the  size  and  shape  of  the  slices,  either  a 
diffused-light  polariscope,  a magnifying  slice- 
analysis  polariscope,  or  a polarizing  microscope  can 
be  used.  Because  rotating  models  usually  have  a 
repetitive  geometric  pattern,  several  sets  of  slices 
can  be  cut  with  different  orientations,  using  identical 
model  areas,  to  completely  define  the  state  of  stress, 
and/or  duplicate  slices  can  be  cut  in  identical  areas 
for  confirmation  of  results.  Stresses  are  calculated  for 
the  slices  by  conventional  photoelastic  techniques 
with  the  aid  of  a “fringe  constant"  determined  from  a 
bending  or  tensile  calibration  bar.  These  model 
stresses  are  then  converted  to  engine-hardware 
stress  values  using  standard  scaling  techniques. 

Stress  distributions  around  holes  and  scallops  are 
critical  to  the  life  analysis  of  engine  parts.  For  exam- 
ple the  3-D,  photoelastic  method  utilizing  rotating 
models  was  used  to  determine  the  stress  gradients  in 
the  compressor  rotor  flange  shown  in  Figure  12  a.  To 
evaluate  three  different  geometric  configurations  with 
one  test,  the  original  scallops  and  hole  radii,  Figure  1 2 
b,  were  modified  at  two  locations  by  generating  both 
shallow  and  deep  compound  radii  in  the  scallops  and 
bolt  holes  as  shown  in  Figures  12  c and  12  d re- 
spectively. After  stress  freezing,  the  fringe  patterns 


were  recorded  by  photographing  each  configuration 
in  polarized  light.  Subsequent  analysis  showed  that, 
while  the  shallow  compound  radius  was  the  better 
configuration  for  both  the  scallop  and  the  bolt  hole, 
only  a small  stress  reduction  was  achieved  because 
of  a simultaneous  increase  in  the  local  hoop  stress. 


Figure  12 


To  determine  the  stress  distribution  across  the 
minimum  section  of  the  flange,  model  slices  were  cut 
in  the  plane  of  the  flange  (hoop  stress  direction)  as 
indicated  in  Figures  13  a and  b,  and  also  across  the 
flange  (axial  direction)  as  shown  in  Figure  13  c.  De- 
tailed stress  distirbutions  across  the  bolt  hole  section 
and  the  minimum  flange  section  are  also  shown  in 
Figure  13.  For  all  three  configurations,  the  results 


Typical  Stress  Distribution  in  Minimum  Sections 
of  a Scalloped  Flange 
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Figure  13 


showed  a hoop-stress  gradient  across  the  bolt  hole 
axial  surface  as  well  as  an  axial-stress  component; 
both  gradients  peak  near  the  middle.  The  discovery  of 
both  hoop  and  axial  stress  gradients  across  the  bolt 
hole  thickness  demonstrates  the  importance  of  this 
3-D  technique  relative  to  life  prediction  where  accu- 
rate stress  analysis  is  essential.  This  photoelastic 
stress  analysis  has  proven  to  be  a reliable  and  accu- 
rate method  for  such  detailed  3-D  stress  gradient 
determinations. 


Aside  from  the  fact  that  no  method  has  as  yet  been 
developed  to  produce  thermal  stresses  in  photoelas- 
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tic  models,  there  are  always  differences  between  the 
photoelastic  model  test  and  the  actual  engine  part. 
The  major  ones  fall  into  three  categories: 

• Material  Properties  — The  most  notable  is 
Poisson  s ratio  which  is  0.5  in  a stress-frozen 
model  as  compared  to  0 3 for  virtually  all  en- 
gine parts. 

• Boundary  Conditions  — The  model  must  be 

terminated"  somewhere  and  mounted  in  a 
load  fixture  which  is  usually  different  than  the 
actual  engine  component  attachment. 

• Strain  Level  — To  obtain  relatively  high  fringe 
orders  and.  thereby,  greater  optical  accuracy, 
stresses  are  usually  frozen  into  3-D  models  at 
strain  levels  relatively  higher  than  those  of  the 
prototype  part.  This  can  produce  some  differ- 
ences in  parts  where  stresses  are  not  pre- 
cisely linear  with  load  (e  g.,  where  beam- 
column  effects,  airfoil  untwist,  or  contact  pres- 
sure exist). 

Although  the  differences  between  model  and  pro- 
totype are  often  small  enough  to  be  ignored,  the 
design  engineer  should  be  aware  of  them.  Where 
exceptional  accuracy  is  important,  it  has  become 
conventional  practice  to  conduct  separate  theoretical 
analyses  of  the  engine  part  and  the  photoelastic  test 
model,  using  the  best  available  methods  and  ac- 
counting for  all  known  differences.  The  ratios  of  calcu- 
lated part  stresses  to  scaled  calculated  model  stress- 
es are  then  applied  as  correction  factors  to  the  photo- 
elastic results. 

Measurements  By  Indirect 
Instrumentation  Techniques 

Instrumentation  to  measure  critical  parameters  is 
extremely  important  to  the  advancement  of  ESA 
techniques.  Some  measurements  are  either  difficult 
or  impractical  to  obtain  with  standard  techniques 
using  contact-type  instrumentation  such  as  ther- 
mocouples or  strain  gages.  Therefore,  the  designer  is 
often  forced  to  use  indirect  measurement  techniques. 

One  such  technique  involves  using  an  optical 
pyrometer  to  record  the  relative  temperatures  of  tur- 
bine blades.  In  this  case,  a cooled  pyrometer  is  po- 
sitioned to  observe  maximum  blade-surface  area. 
When  calibrated  against  a reference  thermocouple 
imbedded  in  the  blade,  usually  in  a cooler  region,  the 
optical  pyrometer  can  record  the  relative  tempera- 
tures of  all  the  blades.  This  indirect  method  of  opti- 
cally recording  blade  temperature  has  been  particu- 
larly useful  in  very  high  tenperature  areas  where  the 
application  of  imbedded  thermocouples  is  not  feasi- 
ble. Also,  the  pyrometer  is  often  the  only  means  of 
locating  the  region  of  maximum  blade-surface  tem- 


perature when  it  is  not  known  in  advance.  The  design 
and  evaluation  of  turbine  blade  cooling  systems  has 
been  one  of  the  more  notable,  successful  applica- 
tions of  optical  pyrometry. 

Another  indirect  measurement  system  is  the  high 
energy  X-ray  facility  which  is  used  to  record  the  inter- 
nal operating  clearances  or  relative  positions  of  parts 
during  engine  operation.  Such  a facility  has  the  capa- 
bility of  taking  X-rays  of  an  operating  engine  at  four 
frames  per  minute  The  high  intensity  of  the  X-rays, 
using  8 million  electron  volts,  requires  a remote, 
shielded  test  site.  A major  contribution  of  high  energy 
X-ray  techniques  is  the  identification  of  unusual 
operating  clearances  between  internal  engine  com- 
ponents. Once  identified,  additional  direct  instrumen- 
tation can  be  used  to  determine  or  verify  the  cause  in 
any  problem  area. 

Blade  Vibration  Measurements  Using 
Optical  Light  Probes 

A relatively  new,  experimental  technique  involving 
optics  has  been  developed  for  measuring  vibratory 
tip-amplitude  in  blading  during  engine  operation. 
Both  synchronous  (resonant  response)  and  nonsyn- 
chronous  (random,  separated-flow  response)  blade 
amplitudes  have  been  measured  using  this  ap- 
proach. Figure  14  shows  a schematic  of  how  blade 
amplitude  and  stress  can  be  measured  with  either 
single  or  multiple  light  probes.  Each  light  probe  con- 
sists of  a bifurcated  fiberoptics  scanner  where  light  is 
transmitted  to  the  blade  tip  through  one  branch.  As 
the  rotor  blade  passes  under  the  probe,  light  is  re- 
flected from  the  blade  tip  into  the  other  branch  of  the 


Figure  14 


probe  to  trigger  a signal.  This  method  offers  an  indi- 
rect measurement  technique  that  avoids  the  detri- 
mental effects  of  surface- mounted  instrumentation. 

A single  light  is  used  to  measure  nonsynchronous 
vibrations  such  as  those  encountered  in  random 
separated-flow  type  responses  This  optical  method 
measures  vibratory  response  by  balancing  a mag- 
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netic  reference  signal  from  the  rotor  against  a fixed- 
light  beam  signal  reflected  from  the  rotating  blades. 
Variation  of  the  difference  in  timing  between  the 
magnetic  signal  and  the  light  probe  signal  for  each 
blade  is  a measure  of  blade  tip  deflection.  When 
blades  are  not  vibrating,  the  magnetic  and  the  light 
probe  signals  both  result  in  a constant  pattern.  How- 
ever, when  blades  are  vibrating  randomly,  there  are 
variations  in  the  timing  difference  between  the  mag- 
netic reference  and  the  light  probe  signals.  This  tim- 
ing difference,  which  is  proportional  to  blade  vibra- 
tion, is  the  output  of  the  system. 

The  synchronous  vibration  (resonance),  also 
shown  in  Figure  14,  is  recorded  by  locating  multiple, 
fixed  light  probes  over  the  rotor  blade  tips  with  an 
equal  number  of  magnetic  signal  stimuli  on  the  rotor. 
The  multiple-light-probe  method  has  the  capability  of 
measuring  both  synchronous  and  nonsynchronous 
frequencies  at  the  cost  of  additional  complexity.  The 
light  beam  signals  generated  by  a single  blade  in  the 
row  are  balanced  against  the  magnetic  reference 
signals  from  the  rotor.  The  reference  signal  from  the 
rotor  has  a constantly  spaced  pattern  as  the  equally 
spaced  target  magnets  pass  a single  pickup.  If  the 
blade  passing  the  light  probes  is  not  vibrating,  the 
light  b.eam  and  the  magnetic  reference  signals  will 
have  a constant  relationship.  However,  if  the  blade  is 
vibrating  in  resonance,  the  multiple  light-beam 
signals  from  the  single  blade  will  not  have  a constant 
relationship  with  the  magnetic  reference  signals  from 
the  rotor,  and  this  difference  is  a measure  of  the  tip 
deflection  of  the  vibrating  blade. 

Application  of  optical  light  probes  to  measure  blade 
vibration  amplitudes  indirectly  is  particularly  useful  for 
small,  high-speed  engines  where  the  gage  size  af- 
fects blade  response  and  where  gage  life  is  a major 
problem  due  to  large  centrifugal  forces.  Another 
highly  useful  application  of  light  probe  techniques  is  in 
the  core  of  multispool  engines  as  a replacement  for 
radiotelemetry  or  for  large-diameter,  high-speed  slip- 
rings.  Considering  that  the  amplitudes  of  all  the 
blades  in  each  stage  can  be  measured,  the  combined 
use  of  optical  probes  and  strain  gages  is  destined  to 
play  an  increasingly  important  role  in  understanding 
complex  aeroelastic  phenomena. 

Strain  Gage  Technology 

The  use  of  strain  gages  and  thermocouples  to 
measure  stress  and  temperature  of  engine  compo- 
nents in  an  operational  environment  has  been  the 
backbone  of  ESA.  It  follows,  therefore,  that  innova- 
tions to  improve  the  capability  of  leads  and  strain 
gages  to  survive  testing  (test  survivability)  will  result 
in  more  data  at  lower  cost.  Figure  1 5 shows  remarka- 
ble progress  in  test  survivability  for  strain  gage  sys- 


tems. For  the  past  15  years,  ceramic  strain  gages 
have  provided  the  major  improvements.  The  cen- 
trifugal force  acting  on  gage  components  is  pro- 


Progress  In  Strain  Gage  Teat  Survivability 

- More  Strain  Oeq«  Data  •<  lower  Coat  are  Eeeenthei  to  Coal  Effective  ESA 
Technique# 


Figure  15 


porlional  to  mass,  radius  and  velocity  squared  As  a 
result,  a small  engine  can  subject  the  leads  and 
gages  to  more  than  four  times  the  force  experienced 
in  a large  engine.  Lightweight  gages  and  leads  are 
critical  to  achieving  data  when  used  at  ultrahigh  rota- 
tive speeds.  A comparison  of  a ceramic  and  a new, 
thin-film  gage  is  shown  in  Figure  16.  The  thin-film 
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gage  extends  the  capability  of  surface-mounted  in- 
strumentation to  all  engines.  This  gage,  similar  to  a 
printed  circuit,  is  only  0.3  mils  (0.0076  mm)  thick; 
hence,  aerodynamic  disturbances  on  the  blade  sur- 
face are  essentially  eliminated.  This  is  particularly 
important  for  small-engine  applications  where  the 
ceramic  gages,  which  are  20  mils  (0.51  mm)  thick, 
often  cause  increased  blockage  in  the  blade-to-blade 
passage  and  also  change  the  blade  vibratory  charac- 
teristics. Thin-film  gages  offer  higher  quality,  lower 
cost,  improved  test  survivability,  and  a 60%  im- 
provement in  the  strain  level  that  can  be  measured. 
Normally,  ceramic  strain  gages  fail  at  approximately 
half  the  amplitude  necessary  to  produce  an  airfoil 
failure;  whereas  tests  with  thin-film  gages  have  per- 
mitted measurement  of  strain  levels  up  to  failure 
amplitudes. 
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The  Application  of  the  Fast  Fourier 
Transform  (FFT) 

Another  important  aspect  ol  ESA  is  the  frequent 
interpretation  of  large  amounts  of  data.  The  introduc- 
tion of  the  Fast  Fourier  Transform  (FFT)  analyzer  has 
opened  new  fields  of  data  reduction  and  analysis  of 
dynamic,  time-varying  vibration  information.  The  FFT 
analyzer  digitizes  the  analog  signal  from  strain  gages 
or  accelerometers  and  transforms  the  information 
into  the  frequency  domain  (similar  to  the  classical 
Fourier  transform).  The  advantage  of  the  FFT  is  that  it 
utilizes  the  storage  capacity  and  speed  of  the  modern 
computer,  using  recently  developed  algorithms,  to 
perform  the  transform  very  quickly  (for  example,  the 
transform  of  a 1024-point  data  sample  can  be  con- 
ducted in  less  than  1 00  milliseconds).  The  analysis  of 
time-varying  or  speed-dependent  data  taken  during 
transients  is  thus  possible.  The  FFT  analyzer  can 
display  the  response  magnitude  and  phase  as  a func- 
tion of  frequency  and/or  time. 

The  FFT  system  is  capable  of  handling  massive 
amounts  of  test  data  in  a relatively  short  time  and  at 
low  cost.  This  has  relieved  engineers  from  tedious 
calculations  allowing  more  time  to  interpret  the  data 
and  analyze  results.  For  example,  generating  a 
Campbell  diagram  (as  shown  in  Figure  4)  from  engine 
strain  gage  data  requires  approximately  20  hours  of 
engineering  and  4 hours  of  data-reduction  time.  In 
contrast,  the  FFT  system  generates  the  Campbell 
diagram  automatically  from  test  data  with  no  en- 
gineering time  and  only  20  minutes  of  data  reduction. 
Furthermore,  the  FFT  system  displays  the 
amplitudes  as  well  as  the  modal  frequencies.  This 
offers  significant  additional  reductions  in  tape- 
playback  and  analysis  time. 

The  versatility  of  the  FFT  system  has  been  ex- 
tended to  reduce  instrumented  component-test  and 
engine-test  data  from  accelerometers,  strain  gages, 
thermocouples,  pressure  transducers  (kulites),  opti- 
cal pyrometers,  and  optical  probes.  As  a result,  FFT 


systems  have  played  key  roles  in  ESA  varying  from 
establishing  the  direction  of  traveling  wave  patterns  in 
engine  casings  to  defining  pressure  contours  at  the 
tips  of  rotating  blades. 

Lessons  Learned  and 
Future  Prospects 

Progress  in  development  of  the  various  experimen- 
tal and  analytical  techniques  is  a continuing  evolution 
of  methods  to  overcome  shortcomings. 

An  important  perspective  relative  to  using  ESA  is 
the  desirability  of  using  several  methods,  whenever 
possible,  to  measure  the  same  parameter.  Often, 
experimental  results  will  be  used  to  aid  in  construct- 
ing an  accurate  analytical  model  to  evaluate  stress 
and  determine  life.  When  only  one  experimental 
method  is  used,  it  is  not  uncommon  to  obtain  mislead- 
ing data  without  recognizing  it.  As  a result,  extreme 
care  must  be  taken  to  check  and  recheck  the  meas- 
urement and  data-reduction  systems  when  only  a 
single  method  is  used. 

Techniques  to  directly  measure  high  temperature 
stresses  and  plastic  deformations  are  among  the 
most  important  and  needed  breakthroughs  yet  to 
come.  Until  we  have  adequate  capability  to  make 
direct  stress  measurements  in  complex  hot  parts. 
Experimental  Life  Analysis  (ELA)  will  continue  to  in- 
crease in  popularity.  Although  ELA  is  not  recognized 
as  a science  in  textbooks,  evaluating  the  part  life 
directly  offers  a means  of  bypassing  the  need  for 
stress  determination  and  analysis.  As  a result,  a 
"quiet  revolution”  is  taking  place  with  the  increasing 
and  widespread  use  of  ELA  in  the  aircraft  engine 
industry.  This  is  not  surprising  when  one  considers 
the  cost  of  engine  part  failures  where  the  “hot  parts" 
replacement  alone  can  account  for  50  percent  of  the 
maintenance  cost.  Overall,  ESA  and  ELA  techniques 
will  continue  to  improve  through  technological  evolu- 
tion and  remain  an  essential  and  increasing  part  of 
aircraft  engine  design  and  development. 
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DISCUSSION 

J.J. Blech,  Italy 

Could  you  comment  on  the  possible  applicability  of  optical  measurement  techniques  to  a hot  component. 
Author’s  Reply 

I am  afraid  I cannot  give  this  comment.  We  have  only  tested  this  so  far  in  low  temperature  parts,  basically  the 
forward  stages  of  a compressor.  We  have  programmes  under  way,  but  mainly  it  is  low  temperature  application  at 
this  time. 
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RESUME 


Dans  I'etude  des  pieces  mecaniques,  le  domains  prlvilegle  de  la  photoelast i c imetr ie  est  la  recherche 
et  la  mesure  des  concentrations  de  contralnte  locale. 

Pour  les  applications  lndust r lei  lea , on  utilise  excluslvement  la  methods  du  "Flgeage  des  Contraintes" 
pour  1 'analyse  des  etats  tr idimensionnel s de  contralnte. 

Les  moyens  mis  en  oeuvre  pour  la  preparation  et  la  conduits  des  operations  de  flgeage  sont  decrits 
et  les  equlpements  presentee. 

Les  exemples  d ' appl icat ion  sont  empruntes  a I'etude  des  elements  vitaux  d'un  turboreacteur , an  stade 
de  la  conception  et  du  developpement  ; lie  rendent  compte  de  la  diversite  des  pieces  analysees  et  des  modes 
de  solllcltatlon  appliques. 

Outre  la  connalssance  des  contraintes  locales  maxlmalee  dans  les  pieces,  deux  axes  de  recherche  ont 
fait  I'objet  d'une  attention  particulars  : 

- I'etude  des  gradients  de  contralnte  en  profondeur,  qui  peut  rendre  compte  de  l 'influence  du  facteur 
echelle  dans  la  transposition  aux  pieces  "moteur",  des  resultats  d'essals  de  fatigue  sur  petites  eprou- 
vettes, 

- la  determination  du  facteur  d'intenslte  de  contralnte  Kj  qui  regit  la  propagation  des  crlques  sous  sol- 
llcltatlons  cycllques. 


1.  INTRODUCTION 

Depuls  quelques  annees,  la  photoelasticimetr le  connatt  un  regain  d'interet  qui  se  manifests  par  une 
somme  lmportante  de  communicat Ions  faltes  par  d'emlnents  specialists*  dans  dlfferents  congres  comme  !e 
Vie  Congres  International  d'Analyse  des  Contraintes  qui  s'est  tenu  a Munich,  R.F.A. , en  septembre  1978. 

La  plupart  des  travaux  presentee  concernent  les  bases  sclent  if lques  de  la  photoelast ic imetr ie , les 
dlfferentes  representations  des  formes  de  lumiere  et  les  moyens  modernes  d'analyse  optique  a parttr  d'equl- 
pements  sophist iques  dans  lesquels  predominant  des  considerations  de  sensibillte,  d 'automat i cite  et  de 
traitement  numerique  des  donnees  ; le  phenomena  a apprehender  est  la  birefringence,  quelle  qu'en  soit 
l'orlgine,  et  l'analyse  des  contraintes  n'apparatt  qu'a  tltre  d ' appl icat ion  plus  ou  moins  lointalne,  illus- 
tree  de  quelques  cas  "ecole"  dont  la  solution  eat  prealablement  connue.  Aussi,  chacun  peut  se  demander  si 
la  photoelasticimetr le  est  encore  reservee  a quelques  chercheure  privilegies  ou  si,  desormais,  elle  est  a 
la  portee  de  l 'ingenleur  pour  resoudre  exper imentalement  les  problems*  de  contralnte  rencontres  dans  1' In- 
dustrie. 

Dans  l 'expose  qui  suit,  on  s'abstlent  de  rappeler  lea  lots  de  la  photoelast Icimotrie,  supposes*  bien 
connues,  pour  ne  s' attacher  qu'a  leur  application  en  laboratoire  industrial  ou  les  preoccupations  des 
mecanlclens  a'averent  tres  dlfferentes  de  celles  des  optlciens.  A travers  un  echant i 1 lonnage  d ' appl i cat  ions 
concernant  le  dimensionnement  optimal  de  pieces  d’un  turbo-reacteur  aeronaut ique , pour  lequel  les  impe- 
ratlfs  de  legerete  et  de  securite  sont  excesslvement  severes,  on  montre  que  la  photoelast icimetr ie  est 
devenue  aujourd'hui  une  methods  d'analyse  exper imentale  des  contraintes  tres  fine  et  tres  fiable,  et  qu'elle 
apporte  desormais  aux  bureaux  de  calculs  une  aide  tres  precieuse,  si  non  indispensable. 

2.  POSITION  DU  PROBLEME 

Le  potentiel  de  vie  des  reacteurs  et  plus  par t icul lerement  celui  des  pieces  tournantes  qui  les 
composent,  est  directement  lie  aux  phenomenes  de  fatigue  ol igocycl ique  (L.C.F, ) tant  sur  le  plan  de  l’amor- 
qage  des  crlques,  que  sur  celui  de  leur  propagation.  Plus  precisement  les  bureaux  de  calculs  doivent  pouvoir 
predlre  avec  la  plus  grande  exactitude  possible,  le  nombre  de  cycles  de  demarrage  ou  de  vol  type  que  devra 
sublr  la  machine  en  toute  securite. 

Dans  les  llmites  de  contralnte  moyenne  bien  etablies,  le  dimensionnement  general  des  pieces  ne  pose 
sucun  problems  particuller  avec  les  moyens  de  calcul  actuellement  dlsponibles.  Cependant,  les  discontinui- 
tee  geome^r lques  frequemment  rencontrees  dans  les  assemblages  et  les  liaisons  de  pieces,  presentent  tres 
souvent  a*a  xones  de  forte  concentrat ion  de  contralnte  ou  l'intensite  de  la  contrainte  maximale,  souvent 
tree  ponctuelle,  condltionne  toute  la  tenue  de  la  piece  : alors  que  la  connalssance  de  cette  points  de 
contrainte,  et  plus  generalement  du  champ  de  contralnte  envlronnant,  reste  encore  tres  delicate  par  l'ana- 
lyse mathemat ique,  elle  constltue  le  domains  prlvilegle  de  l'analyse  photoelast ique  qui  s'avere  ainsi  a la 
fols  le  complement  et  la  validation  des  methodes  de  calcul. 
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3.  METHODES  LT  PROCEDES 

3.1.  Aspect  ^>‘iu;ral 

Dans  son  application  de  bas«>  la  photoelastic  imetrie  est  limltee  a 1 'analyse  ties  deux  contraintes 
principales  s'exerqant  dans  un  plan.  Si  de  nombreux  travaux  peuvent  encore  se  satisfaire  de  cette  limi- 
tation. les  problemes  complexes  rencontres  dans  lea  Industries  mecaniques  requierent  l'emplol  de  procedes 
d'analyse  tr id imens lonne l le.  Plusieurs  de  ces  procedes  sont  connus  depuis  fort  longtemps  : 

- la  methode  du  "Figeage  des  Contraintes"  a ete  proposee  par  C.  OPPEL  en  1936, 

- celle  de  la  "Tranche  Incluse"  par  H.  FAVKE  en  1929, 

- le  revetement  photoelast ique  par  A.  MESNAGER  en  1930, 

- la  methode  de  la  "Lumlere  Diffusee"  par  K.  WELLEK  et  H.P.  JESSOP  en  1941. 

Cependant,  leur  application  s'est  diversement  developpee  et  alors  que  certainea  methodes  reatent 
encore  l 'apanage  des  laboratolres  de  recherche,  d’autres  se  sont  repandues  dans  la  pratique,  a la  faveur 
de  1 ' appar i t ion,  dans  les  annees  *>0,  des  resines  epoxydes  type  Araldite,  dont  les  qualites  photoel ast iques 
et  les  aptitudes  au  moulage  ont  contrlbue  pour  une  large  part  au  succes  actuel  de  la  photoelast i c imetr ie 
tr id imens ionnel 1 e , notamnent  dans  l'emplol  de  la  methode  du  "Figeage  des  Cont ra i ntes". 

Blen  qu'ayant  participe  aux  developpemen ts  de  la  methode  de  FAVRE  et  de  celle  de  MESNAGER,  le  labo- 
ratoire  de  la  SNECMA  n'utilise  pratlquement  plus  que  la  methode  du  "Figeage  des  Cont ra i ntes". 

3.2.  Rappel  sommalre  du  princtpe  du  "Figeage  ties  Cont  ra  i ntes" 

Le  figeage  des  contraintes  s'effectue  dans  une  maquette  en  matiere  plastlque  transparente  que  1 'on 
soumet  a son  systeme  de  charge  au  cours  d'un  cycle  thermique. 

L'operation  consiste  a porter  la  maquette  dans  une  etuve  programmer,  a une  temperature  lege remen t 
superleure  a la  temperature  de  transition  du  materlau,  de  I'ordre  de  12S*C  ; au  point  de  transition,  les 
liaisons  entre  les  chalnes  macromoleculaires  qui  constituent  le  materlau  sont  modifiers  et  le  module 
d ' Young  chute  tres  rapldement  dans  un  rapport  de  200  a 1 environ,  le  materlau  restant  parfaitement  elas- 
t ique  au-dela  comme  en-deqa  du  point  de  transition.  La  maquette  ayant  atteint  uniformement  cette  tempera- 
ture, on  lui  applique  le  systeme  de  charge  statique  simulant  la  so  1 1 i c i tat  ion  en  service  ; les  contraintes 
et  deformations  appliquees,  et  les  birefringences  concomi tantes , sont  rellees  entre  elles  par  les  lots  de 
la  photoelast le ite  pulsque  le  materlau  reste  parfaitement  elastlque.  On  ramene  alors  la  temperature  a 
I'ambiante,  tres  lentement  et  llneairement  pour  ne  creer  aucun  gradient  thermique  dans  la  masse  de  la 
maquette,  en  maintenant  la  charge  r igoureusement  constante. 

Au  cours  du  ref roidissement , le  materlau  retrouvc  son  module  d'YOUNG  eleve,  et  si  l'on  supprlme  la 
charge  apres  retour  a I'ambiante,  on  ne  l there  qu'une  infime  partle  de  la  de forme e apparue  en  temperature, 
dans  le  rapport  des  modules,  ce  qui  permet  d'avancer  : 

- que  les  deformations  et  birefringences  apparues  lors  de  la  mise  en  charge  subsistent  Integralement  et 
indeflniment  dans  la  maquette  apres  decharge  a la  temperature  amblante, 

- qu'elles  sont  1 'expression  de  l'etat  tridimenslonnel  des  contraintes  clastiques  engendrees  lors  de  la 
mlse  en  charge. 

L'analyse  complete  et  detalllee  des  birefringences  permet  en  principe  la  mesure  des  trols  contraintes 
principales  en  chaque  point  de  la  maquette.  Pratlquement,  on  redult  considerablement  le  volume  des  analyses 
en  se  llmltant  a quelques  plans  princlpaux  renfermant  les  contraintes  les  plus  s igni f icat i ves.  A cet  effet, 
on  decoupe  mecanlquement  dans  la  maquette  des  feuillets  plans  de  faible  epaisseur,  qui,  moyennant  certaines 
precautions,  conservent  integralement  les  birefringences  propres  a l'etat  de  contrainte  biaxial  s'exer<;ant 
dans  chacun  de  ces  plans.  L'analyse  optique  de  chaque  feuillet  considero  comme  maquette  plane  permet  alors 
de  remonter  des  birefringences  aux  contraintes,  suivant  les  lois  de  la  photoelast Icimetrie  plane. 

Sur  le  plan  pratique,  la  methode  du  figeage  presente  des  avantages  tres  nets  par  rapport  aux  autres 
methodes  citees  ci-dessus,  mais  elle  a 1 ' inconvenient  de  detruire  les  maquettes,  au  moins  par t iel lement , 
comme  le  montreront  certaines  Illustrations. 


4.  MOYENS 

L ' appl icat ion  de  la  methode  pose  au  pratlclen  trois  problemes  : 

- la  reproduction  en  resine  photoelast ique  de  la  piece  a etudier, 

- la  mlse  en  charge  representative  de  la  sol  1 ici tat  ion  en  service, 

- l'analyse  optique  precise  de  la  birefringence. 

4.1.  Pendant  de  nombreuses  annees,  les  maquettes  ont  ete  usinees  a partlr  de  bloc  de  resine,  par  les 
procedes  d'usinage  classique,  (cliche  11.  Sur  le  plan  photoelast ique,  les  resultats  ont  generalement  ete 
satisfalsants,  moyennant  des  precautions  part icul ieres  pour  tenlr  compte  de  la  fragilite  du  materlau  et  des 
effets  parasites  engsndres  par  echauffement  lors  de  l'usinage.  Par  contre,  sur  le  plan  pratique,  le  cout  et 
les  delais  d' execution  ont  lourdement  greve  les  etudes  photoelast iques  et  limlte  1 ' interet  des  bureaux 
d 'etudes. 

Un  large  developpement  de  la  photoelast icimetrie  a la  SNECMA  a ete  impulse  par  la  mise  au  point  d'une 
technique  de  moulage  reprodulsant  fldelement  la  piece  a etudier  a l'echelle  1.  Le  precede  consiste  a obtenlr 
une  emprelnte  en  materiau  approprle,  par  surmoulage  direct  de  la  piece  moteur,  puis  a couler  dans  ce  moule 
la  reslne  epoxyde  convenant  a l'analyse  photoelast ique  (voir  cliche  23. 


Let  maquettes  ainti  obtenuet  presentent  une  fidelite  geometrlque  et  une  quail te  optlque  tret  satis- 
faltantet  ; elles  tont  generalement  utlllsees  "brut  de  moulage",  mala  ellea  peuvent  toujoura  aublr  une 
retouche  ou  un  complement  d’us inage. 

4.2,  Pour  la  mite  en  charge,  il  faut  d'abord  preclaer  que  le  figeage  det  contralntee  ne  mt  te  faire 

que  tout  aolllcitatlon  atatlque,  la  charge  devant  etre  malntenue  r lgoureuaement  conatante  Jant  toute  la 

duree  du  ref roldiaaement  qul  varle  de  hult  a qulnze  heuret  aulvant  la  matte  de  la  maquette. 

Pour  toute  aolllcitatlon  en  traction,  flexion  ou  toralon,  un  systems  de  poidt  et  renvoia  divert 
convient  generalement,  lea  aeulea  precautions  a prendre  concernent  lea  dllatatlona  thermlquea  dlfferen- 
tiellea  entre  let  elements  metalllques  du  montage  et  la  maquette  en  reslne. 

Pour  lea  pieces  tournantea,  on  reprodult  aiaement  la  aolllcitatlon  mattique  centrifuge  (etat  de 
contralnte  eaaent lei lement  atatlque),  par  la  mite  en  rotation  dea  maquettea  avec  malntlen  a vlteaae  cona- 
tante pendant  toute  la  duree  du  cycle  de  figeage.  Par  contre,  11  aeralt  tres  difficile  d'lntroduire  certalna 
typea  de  aolllcitatlon,  tela  lea  effeta  aerodynamlquea  ou  magnetiquea,  et  impoatible  d'appllquer  un  ayateme 
de  contralnte  d'origlne  thermlque  ou  vlbratoire. 

Le  banc  de  figeage  apecialement  adapte  aux  pieces  tournantea,  a fait  l'objet  d’ amenagements  aucceaalfa 
et  conatitue  aujourd'hui  l'equipement  principal  du  laboratolre.  Devant  1 ' Impose Ibl 11 te  d'appllquer  simul- 
tanement  dea  efforts  mecanlques  et  aerodynamlquea  dans  un  rapport  de  similitude  constant,  le  figeage  det 
contraintea  dans  lea  roues  de  compretseur  ou  turbine  eat  effectue  sous  vide. 

4.3.  L' analyse  optlque  qul  conatitue  le  centre  dea  preoccupations  pour  let  chercheurt,  ne  pose  aucun 
problems  en  laboratolre  Industrial. 

Le  prelevement  det  feullleta  plans  dans  les  plans  principaux  de  contralnte  (cliche  3)  eat  effectue 
soit  a la  tron^onneuse  a meule  diamantee,  soit  plus  almplement  a la  tele  a metaux  ; dans  ce  dernier  cat, 
un  leger  pollsaage  des  faces  est  necessaire. 

Pour  1' analyse  dee  birefringences,  on  dispose  actuellement  d’un  eventail  tret  large  de  photoelastl- 
cimetrea  de  typea  divers,  utillaant  dlfferentea  methodea  de  compensation.  Dans  les  applications  les  plus 
courantea,  la  SNECMA  utilise  det  equlpements  tret  simples  : 

- des  polar iscopes  a grand  champ,  pour  lea  observations  d' ensemble  (cliche  4), 

- un  microscope  polarlsant  equipe  d'un  compensateur  de  Bablnet  pour  1 'analyse  precise  et  locale  des  bire- 
fringences (cliche  5),  , 

- un  projecteur  de  profil  a grosslssement  X 50,  equipe  de  filtrea  polarlaante  (cliche  6). 

Cependant,  pour  des  applications  particulieres  plus  approfondiet,  le  laboratolre  dispose  d'un  photo- 
elast 1c Imetre  bidimena lonnel  automatique  ROBERT. 

II  convient  de  retenir  que  la  quasi  totalite  des  applications  ici  presentees  ont  ete  traitees  sur  les 
equlpements  les  plus  simples. 


5.  EXEMPLES  D' APPLICATION 


Ils  ont  ete  cholsls  parmi  les  pieces  tournantea  de  turboreacteurs.  Suivant  le  stade  de  developpement 
du  moteur  concerne,  les  demarches  photoelastiques  sont  differentes  au  niveau  de  la  fabrication  des 
maquettes  : 

a)  lors  de  l’etape  "Avant  Projet",  les  techniques  de  surmoulage  ne  peuvent  etre  appliquees,  les  pieces 
prototypes  n’etant  pas  encore  realisees  ; dans  ce  cas,  les  maquettes,  bi  ou  trldimenaionnelles , doivent 
etre  usinees  par  les  procedes  classlques,  le  plus  souvent  sous  forme  de  slmulacre  ou  de  geometric  sim- 
plifies, a des  echelles  appropriees  (cliches  7 et  8), 

b)  dans  la  phase  de  realisation,  les  prototypes  sont  progressivement  dlsponibles  ; ils  peuvent  alors  etre 
reproduits  par  surmoulage,  a l'echelle  1.  Les  diverses  variantes  aboutissant  a 1 'optimisation  geometrlque 
de  la  piece  sont  generalement  obtenues  par  retouches  de  la  geometric  de  base,  soit  par  ablation,  soit 
par  apport  de  matiere  avec  reprise  d'usinage. 

5.1.  Soufflante  de  compresseur 

5.1.1.  Attache  dea  aubes  sur  un  dlsque  de  soufflante 

a)  Une  etude  prellmlnalre  a ete  effectuee  en  photoelasticimetrie  bidimensionnelle  sur  des  maquettes 

en  Polymethacrylate  de  Methyle  (Plexiglass)  (cliche  8).  L'analyse  a permis  d'une  part,  d'optlmiser  le  profil 
de  1 'alveole  (cliche  9)  par  le  choix  des  raccordements  circulalres  ou  progresses*  et  d'autre  part,  de 
chiffrer  1’ Influence  des  raccords  d'usinage  sur  les  intensites  de  contralnte.  Les  raccords  ne  pouvant  etre 
evltes,  on  a pu  fixer  leur  importance  pour  maintenir  les  surcontraintes  au-dessous  d'un  certain  taux,  et  les 
localise  de  telle  sorte  que  la  surcontrainte  n'affecte  pas  la  contralnte  locale  maximale. 

b)  Une  deuxieme  etude  a porte  sur  1' influence  de  1 'angle  de  brochage  des  alveoles.  Une  experience  an- 
terieure,  acqulse  sur  un  dlsque  de  compresseur  a jante  mince  (cliche  10),  avalt  fait  appsrattre  un  accrois- 
sement  volsln  de  1007.  de  la  contralnte  maximale,  Imputable  a 1 'angle  de  brochage  de  20". 

II  etalt  Important  de  juger  de  ces  memes  surcontraintes  dans  la  jante  epalsse  du  dlsque  de  souf- 
flante. A cet  effet,  on  a uelne  un  slmulacre  de  dlsque  (cliche  7),  avec  des  alveoles  cales  a different* 
angles,  groupes  en  plusleurs  secteurs.  A ce  stade  du  projet,  les  aubes  n'exlstant  pas,  elles  ont  ete  slmu- 
lees  par  des  masses  equlvalentes. 


L«  cliche  ll  met  en  evidence  la  aurcontrainte  due  a l 'angle  de  brochage,  materialise*  par  la  diffe- 
rence dea  birefringence*  dana  lea  deux  congee  ; elle  eat  nettement  Inferieure  a celie  que  I'on  rencontre 
dana  lea  dlaquee  a jante  mince,  mala  loin  d'etre  negllgeable. 

II  eat  apparu  que  1 'angle  0*  conetltualt  la  aolutlon  optimale  pour  le  dleque,  mala  le  problem*  ae 
trouve  alora  deplace  dana  le  pied  d'aube  : la  aolutlon  optimale  de  1 'attache  dea  aubea  aur  un  dleque  paaae 
par  un  compromla  aur  1 'angle  de  brochage  dea  alveole*  et  par  l 'amenagement,  entre  le  pied  et  le  prof  11  de 
I'aube,  d'une  zone  de  traneltlon  eufflsamment  haute,  designee  "Echaaae". 

c)  Enfin,  la  roue  complete  (cliche  12)  a ete  analyse*  dana  trola  veralona  preaentant  chacune  un 
angle  de  brochage  dea  alveole*  different*  (5,  10  et  15* )•  Lea  trola  typea  d'aubea  correapondanta  aont 
present**  aur  le  cl  iche  13. 

Le  cliche  1A  illuatre  lea  blref ringencea  f Igeea  dana  la  pale  d'une  aube,  et  le  cliche  15,  cellea 
qul  ont  ete  analyaeea  dana  lea  feullleta  plana  prelevea  dana  un  pled  d'aube  et  dana  le  dlaque. 

Par  rapport  a 1 'analyse  de  la  roue  slmulacre,  la  distribution  dea  contralntea  et  leur  lntenslte  maxi- 
male ae  aont  averee*  tree  different**,  particul ierement  dans  le  pied  d'aube. 

^•1.2.  Etude  du  talon  super leur  de  I'aube  de  aoufflante 

Avant  meme  que  l 'attache  de  I'aube  alt  ete  arretee,  un  modele  metalllque  avait  ete  realise  avec  un 
pied  d'emprunt,  pour  lea  etude*  aerodynamiquee.  Ce  modele  a ete  utilise  pour  1 'execution  d'une  maquette 
destine*  a 1 'etude  dea  contralntea  dana  le  talon  (cliche  16)  ; l 'lntenslte  et  la  localisation  exact*  dea 
contralntea  maximalea  ont  pu  etre  determlnees,  et  a partir  dea  premiers  reaultata,  dea  modifications  geo- 
metrlquea  ont  ete  Introdultea  pour  obtenlr  une  solution  optimale. 

5.2.  Tambour  de  compreaacur 

11  reunit  dana  une  piece  "monobloc"  lea  trola  diaquea  de  compreaaeur  et  la  bride  d'aaaemblage  au 
dlaque  de  aoufflante  (cliche  17). 

Lea  maquettea  du  tambour,  alnai  que  cellea  dea  anneaux  de  labyrinthe  et  de  butee,  ont  pu  etre  obte- 
nuea  entlerement  terminees  par  lea  procedea  habltuela  de  aurmoulage  dea  prototypes  metalllquea  et  de  coulee 
de  la  reaine  photoelaatique.  Par  centre,  la  roue  de  aoufflante  qul  ne  pouvalt  etre  testee  en  vrale  grandeur, 
vu  sea  dimensions,  a ete  remplacee  par  une  roue  slmulacre  specialement  dimenaionnee  pour  avoir  lea  memea 
deformees  radialea  au  niveau  dea  troua  d'aaaemblage. 

Cette  etude  a permla  de  chlffrer  lea  contralntea  dana  lea  attaches  d'aube  aur  lea  diaquea,  dana  lea 
dlfferentes  brides  et  dana  lea  anneaux  de  labyrinthe  et  de  butee. 

5.3.  Accouplement  dea  arbrea  Turblne/Compreaaeur 

Deux  problem**  ae  posent  au  niveau  de  1 'assemblage  dea  deux  arbrea  reliant  lea  etagea  de  turbine  au 
compreaaeur  : 

- le  premier  concerne  lea  cannelures  ; leur  optimisation  porte  aur  trola  points  : 

• le  type  de  conge  a la  base  dea  dents, 

• le  raccordement  dea  extremltea  aux  parties  liases  de  I'arbre, 

• la  loi  devolution  dea  sections  parallel**  dana  lea  deux  parties  male  et  femelle. 

- le  deuxleme  eat  relatlf  a la  presence  dea  troua  du  deahuileur  ; lea  aurcontraintes  dana  lea  troua  doivent 
etre  attenuees  par  un  renforcement  local  qui  lui-meme  doit  etre  raccorde  progreaalvement  pour  eviter 
d'autrea  aurcontraintes. 

II  n'a  paa  ete  neceaeaire  dana  ce  caa  de  reproduire  toute  la  longueur  dea  deux  arbrea.  La  realisation 
dee  maquettea  a ete  effectuee  a partir  du  aurmoulage  de  pieces  aimulacrea  en  alliage  leger  reproduiaant 
uniquement,  mala  fldelement,  la  geometrie  dee  deux  extremltea  a assembler  (cliche  lb). 

Lee  contralntea  ont  ete  f igeea  sous  vine  aollicitation  en  torsion. 

Le  cliche  19  illuatre  la  distribution  dea  contralntea  aur  le  contour  dea  troua  et  lea  aurcontraintes 
locales  observe**  en  fin  de  portee  dee  cannelures. 

Lea  analyses  auccessivea,  effectuee*  aur  plusleurs  definitions  ont  permis  : 

- de  degager  la  mellleure  evolution  dea  epalaseura  dans  lea  deux  elements,  male  et  femelle,  pour  la  trans- 
mission du  couple, 

- d'opttmlaer  lea  raccordementa  dea  extremltea  de  la  partie  cannelee  aux  parties  liases, 

- d'adopter  un  prof  11  "Anee  de  Panler"  pour  lea  fonda  de  cannelures, 

- de  definir  l' importance  du  renforcement  d’epaieaeur  au  droit  dea  troua  du  deahuileur. 

5. A.  Rotor  de  turbine 


Dlfferentes  demarches  ont  ete  entreprisea  aur  lea  pieces  lea  plus  importantes  du  rotor. 

Lea  roues  de  turbine  aoumlaea  a leur  propre  aollicitation  masaique  centrifuge  ont  etc  analyaeea  dana 
deux  configurations  : 

- cheque  roue  "tournant  laolement", 


- "roue*  assemblies",  avec  anneaux  de  labyrinthe,  et,  dana  un  cat,  avec  cone  d ' entralnement. 

Le  tourillon  arrlere,  peu  concerne  par  la  sol 1 icitat ion  centrifuge,  a ete  analyse  dans  deux  cas  de 
charge,  torsion  et  traction  axlale. 

5.4.1.  Roues  "tournant  isolement" 

La  maquette  de  I'une  des  roues  de  turbine  analysees  figure  sur  le  cliche  20  ; le  disque  et  les  aubes 
ont  ete  obtenus  "brut  de  moulage". 

L'analyse  optlque  a permis  de  chiffrer  les  contraintes  sur  le  pourtour  des  alveoles  et  les  contraintes 
de  flexion  dans  la  coupe  radiale  (cliche  21).  On  remarquera  la  bonne  repartition  des  contraintes,  sans 
concentration  locallsee,  dans  ce  fond  d'alveole  de  type  "Anse  de  Panier". 

Dans  I'une  des  roues,  le  pled  d'aube  accuse  une  contralnte  maximale  nettement  plus  elevee  que  celle 
de  la  dent  du  disque  (cliche  22),alors  que  les  efforts  appliques  et  les  sections  au  col  sont  pratiquement 
les  memes.  II  devient  evident,  que  I'inegalite  des  contraintes  doit  etre  mise  au  compte  de  la  difference 
geometrlque  entre  le‘  bulbe  de  l'aube  et  celui  de  la  dent.  L ' amel lorat ion  a consiste  a rapprocher  la  geo- 
metrie  du  pied  de  celle  de  la  dent,  en  respectant  la  hierarchic  conduisant  a une  rupture  du  pied  d'aube 
avant  celle  de  I'attache  du  disque. 

5.4.2.  Roues  assemblies 


Dans  le  passe,  1’ assemblage  des  roues  de  turbine  a souvent  ete  assure  par  des  boulons  ou  tirants 
traversant  la  toile  des  dlsques.  Cette  solution  penalise  les  disques  d ' une  tres  forte  concentration  de 
contralnte  autour  des  trous  de  fixation. 

Dans  les  nouvelles  machines,  les  assemblages  boulonnes  sont  exterieurs  au  corps  du  disque  (cliche  23), 
les  brides  de  fixation  venant  se  raccorder  a la  jante  ou  parfois  sur  la  toile  du  disque.  La  presence  des 
trous  de  fixation  entralne  toujours  des  concentrations  de  contralnte  dans  les  brides,  mais  il  est  possible 
de  les  attenuer  par  un  festonnage  Judicieux.  Dans  le  cas  present,  d'autres  exigences  imposees  par  des  pas- 
sages d’alr  de  ref roidissement  ont  complique  le  choix  des  festons  et  entralne  une  etude  tres  poussee  au 
niveau  de  chacun  des  assemblages. 

Apres  avoir  analyse  chaque  element  tournant  isolement,  on  a procede  a l'analyse  des  memes  brides, 
anneaux  de  labyrinthe  et  cone  d ' entralnement , assembles  par  deux,  trois  ou  quatre  (cliche  24). 

Les  geometries  de  bride  dans  un  meme  assemblage  pouvant  etre  tres  differentes  (cliche  25),  et  leurs 
epaisseurs  souvent  inegales,  on  a mis  en  evidence  leurs  influences  reciproques  qui  se  sont  traduites  par 
des  valeurs  de  contralnte  nettement  differentes  dans  le  cas  de  brides  "tournant  isolement",  par  rapport  au 
cas  de  brides  assemblies. 

Le  but  d'une  telle  etude  se  resume  a 1 'opt lmisation  geometrlque  des  festons  (forme,  rayon,  fleche) 
telle  que  les  contraintes  maxlmales  soient  egales  dans  les  trous  et  les  festons. 

5.4.3.  Liaison  Dlsques/ Arbre  de  turbine 

Elle  est  assuree  par  un  jeu  de  deux  cones  : le  cone  d ' entralnement  et  le  tourillon  arrlere 
(cliche  26). 

a)  Le  premier  est  plus  part icul ierement  concerne  par  la  sol  1 ici tation  masalque  centrifuge. 

Dans  une  premiere  etape,  les  contraintes  ont  ete  analysees  apres  figeage  en  rotation  dans  la  confi- 
guration "tournant  isolement".  Le  cliche  27  illustre  la  repartition  des  contraintes  autour  des  trous  dans 
une  premiere  version. 

Par  la  suite,  1 'opt lmisation  du  festonnage  sur  la  peripherle  a fait  l'objet  d'une  recherche  tree 
poussee  dans  les  deux  configurations  "tournant  isolement"  et  "assemble",  en  association  avec  celle  des 
roues  et  anneaux  de  labyrlnthes,  voir  S 5.4.2. 

b)  Le  tourillon  arrlere,  molns  sensible  a la  sol 1 lcltatlon  centrifuge,  est  concerne  par  les  deux  sollici- 
tatlons  s'exerqant  sur  1 'arbre  : le  couple  de  torsion  et  l'effort  axial. 

L'analyse  des  contraintes  a ete  faite  separement  dans  les  deux  cas  de  charge  ; le  cliche  28  illustre 
la  repartition  des  contraintes  autour  des  trous  dans  les  deux  cas. 

A partlr  des  releves  polalres  des  contraintes  sur  le  contour  de  chaque  trou,  la  superposition  des 
deux  etats  de  contralnte  se  fait  alsement  par  le  calcul.  On  remarquera  en  comparant  les  cliches  28a  et  28b, 
que  les  contraintes  maximales  se  local lsent  dlfferemment  dans  les  deux  cas  : dans  la  combinaison  des  deux 
solllcltatlons,  les  valeurs  maximales  ne  s 'additionnent  pas. 

6.  NOUVEAIIX  DOMAINES  D' APPLICATION 

Dans  un  cadTe  plus  general , aux  front ieres  de  la  recherche 
l'objet  de  quelques  investigations  dont  les  resuitats  sont  assez 
la  connalssance  des  contraintes  dans  les  pieces  et  apportent  des 
fatigue. 


appllquee,  deux  themes  de  travail  ont  fait 
encourageants.  Ils  se  situent  au-dela  de 
informations  concernant  le  comportement  en 
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6.1.  Le  premier  concerne  la  transposition  des  resultats  de  fatigue  obtenus  sur  petltes  eprouvettes 
entail  lees,  aux  pieces  reelles  de  grandes  dimensions.  Dans  le  cas  de  forte  concentration  de  contrainte, 
l'un  des  facteurs  ies  plus  determinants  est  le  facteur  echelle,  dont  1 ' Importance  est  connue  depuls 
longtemps,  mats  encore  mal  dominee.  II  peut  etre  pris  en  compte  dans  la  notion  de  gradient  des  trols 
contrainte#  mats  plus  part Icul lerement  du  gradient  des  contraintes  en  profondeur.  En  effet,  on  salt  que 
deux  eprouvettes  de  fatigue  semblables  mats  dans  un  rapport  d'echelle  de  1 a 2,  auront  en  fatigue  un  com- 
portement  different,  malgre  un  meme  taux  de  contrainte  locale  maximale  et  le  meme  facteur  de  concentra- 
tion Kj  • Le  fait  que  les  gradients  de  contrainte  en  profondeur  different  dans  le  rapport  inverse  des 
echelles,  peut  expllquer  la  difference  de  comportement. 

La  connaissance  des  gradients  de  contrainte  dans  ies  pieces  moteur  et  les  eprouvettes  de  fatigue 
entalliees  a partir  des  mesures  photoelastlques , pourrait  conduire,  en  attendant  1 ' etabl i ssement  de  lois 
plus  generales,  a effectuer  les  essais  de  fatigue  en  utllisant  des  eprouvettes  respectant  a la  fois  : 

- la  meme  contrainte  locale  maximale, 

- la  meme  contrainte  moyenne  aux  llmites, 

- le  meme  gradient  de  contrainte  en  profondeur. 

Comme  la  donnee  photoelast ique  relative  a l'intensite  des  contraintes  ne  tradult  que  la  difference 
des  contraintes  principales,  une  operation  supplements  ire , bien  connue  des  speclaiistes  sous  le  nom  de 
"Separation  des  contraintes"  est  indispensable  pour  obtenir  dans  toute  la  piece  la  carte  complete  des 
contraintes  principales  a partir  de  laquelle  seront  deduits  les  gradients  des  trois  contraintes  en  pro- 
fondeur, et  tout  specialement  le  gradient  de  celle  qui  est  maximale  en  surface. 

A cet  effet,  deux  voles  sont  actuellement  proposees  : 

- 1 ' integrat ion  des  equations  d'equilibre  a partir  d'un  bord  libre,  a l'alde  des  mesures  ponctuelles  et 
precises  fournies  par  un  photoelast icimetre  automatique,  du  type  ROBERT, 

- la  recherche  d'une  seconde  donnee,  telle  que  la  somme  des  contraintes  principales  que  peut  fournir 
1 ' holographie. 

L'experlence  montre  que  la  premiere  vole  convient  mieux  aux  laboratoires  lndustrlels  ; elle  est  pra- 
tlquee  a la  SNECMA  qui  est  maintenant  en  mesure  de  chiffrer  les  gradients  de  contrainte  en  profondeur  dans 
les  pieces  moteur 

6.2.  Le  second  theme  de  recherche  appliquee  interesse  1 'etude  de  la  propagation  des  criques  dans  le 
mecanlsme  de  la  rupture. 

Plusleurs  approches  ont  ete  proposees  pour  exprimer  la  vitesse  de  propagation  des  criques  en  fatigue, 
mais  l'une  des  plus  couramment  utilisees  actuellement  est  la  connaissance  des  facteurs  d'intensite  de 
contrainte  J<  deflnlssant  le  champ  de  contrainte  a l'extremite  de  la  fissure.  La  determination  des  facteurs 
Kx , Kjx,  Km,  correspondent  aux  modes  de  sollicitation  I,  II  et  III,  a fait  l'objet  de  nombreux  travaux 
TTieoriques,  mais  les  travaux  experimentaux  sont  encore  tres  llmites. 

Dans  les  annees  50,  G.  IRWIN  et  D.  POST  ont  propose  de  mesurer  le  facteur  K en  photoelasticimetrie. 

A leur  suite,  differents  auteurs,  SMITH  et  KOBAYASHI  entre  autres,  ont  propose  des  methodes  derivees  de 
celles  d' IRWIN,  et  ont  fait  etat  de  resultats  sat isfaisants.  II  restait  a savoir  si  ces  methodes  avaient 
atteint  un  developpement  suff inant  pour  etre  mises  en  pratique  en  laboratoire  industriel. 

Dans  un  premier  temps,  on  a applique  les  methodes  precitees  ala  mesure  du  coefficient  Ki  dans  quel- 
ques  cas  simples  dont  les  solutions  sont  bien  connues  : 

- i'eprouvette  ASTM  type  CT  (cliches  29  et  30) 

- I'eprouvette  ASTM  type  KT  (cliche  31) 

- la  plaque  plane  a crlque  centrale  traversante  (cliche  32). 

Comme  souvent,  la  hierarchie  des  difficultes  n'est  pas  la  meme  en  laboratoire  industriel  et  en  labo- 
ratoire de  recherche. 

L'analyse  de  la  birefringence  a l'extremite  de  la  crique  ne  necessite  aucun  equipement  sophistique  : 
apres  avoir  tente  d'utiliser  le  photoelasticimetre  ROBERT,  on  est  revenu  a Sexploitation  de  photographies 
prises  sur  le  projecteur  de  profil  a grossissement  X 50,  (voir  cliche  30)  ; les  resultats  sont  superieurs 
a ceux  du  ROBERT  et  tres  sat isfaisants. 

Par  contre,  les  difficultes  s ' accroissent  dans  1 'execution  des  maquettes,  en  particulier  pour  la  rea- 
lisation des  criques  qui  requiert  des  precautions  extremes.  Certains  auteurs  s'accomodent  d'entailles  a 
fond  circulaire  de  faible  rayon,  0,25  r ^ 0,5  mm,  et  parfois  meme  rec tangulaire , 0,25 < e ^ 0,5  mm 
(voir  cliche  33). 

Or  on  sait  qu'a  l'extremite  de  la  crique,  le  champ  de  cont.ainte  defini  par  J<  est  tres  limite,  dans 
un  rayon  de  l'ordre  de  0,05  a 1 mm  ; on  con^oit  dans  ce  cas  que  l'entaille  meme  tres  aigue  n'est  pas  repre- 
sentative de  la  crique,  et  c’est  pourquoi  le  laboratoire  de  la  SNECMA  opere  toujours  sur  des  criques  exe- 
cutees  par  penetration  d'une  lame  effilee  dans  la  maquette  portee  a l'etat  caoutchout ique  par  une  montee 
en  temperature. 

II  est  entendu  que  toutes  ces  mesures  ne  concernent  que  le  domalne  elastique,  corme  d'ailleurs  les 
coefficients  1C  qui  carac ter Isent  le  champ  de  contrainte  dans  l'hypothese  d'un  comportement  elastique  du 
materlau.  Meme  dans  ces  llmites,  il  reste  beaucoup  a falre  pour  fixer  les  conditions  exper imentales  et 


Plnf  hivnc*  d*  dlvrta  patamrtrr*,  PII  paittiultrl  du  corf  ftc  trill  (ip  IH'l  SSON  V clout  In  valrut  ar  tapptochr 
dp  0,'»  a 1*  trmprtatutr  du  I titrate  dm  eont  I'd  i Itlra.  Kitfln,  (1  irate  a drlrtmlunt  dan*  qurllra  condition* 
P«mii  rat  rut  Ptrr  ahotdrra  t m inruiiim  dr*  cop  f I t i 1 rut  a Kj  j rt  K 1 1 j . Un  pro||t*mitir  dr  ti  avail  rat  ru  tour*  rt 
dra  rraultata  aur  Kjj  aout  *v  tur  l l rtttr  nt  attrudvia  am  liT^Ut|\^  pianr  a rutalttr  imitate  ohltqur  rt  t < avrt - 
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Chacun  aalt  qvi«  lr*  m^tluutai  mmlrrnr*  dr  calvul  out  tail  * ra  drintmc*  aunrra  dra  pro^tra  tonatdr- 
tablra  at  crrtatna  pruvrut  £ttr  amrn4a  a pruart  qu'rllea  rcltpariont  Ira  mrtliodra  aua  toulqura  a plua  ou 
mo  t ua  htrvr  eclteancr. 

I. a nt'Audr  majority  dra  prohUmaa  aria,  aaaurPmrut  rt  fort  hrurruarmrnt  t latter  pat  Ira  mrthodra 
mimetlqura,  mala  uur  (tart  prlvl Ir^l^r  ana  tou^om  a tram  vrr  a ta  photorlaat  icimrtrlr,  ru  cotta  l d^t  at  Ion 
d'uur  part,  da  aa  *pr<tflctte  at  d'autra  part,  du  aoppl  rrnrnt  dr  tout  latur  dout  hrnrf  tclritt  auprra  dra 
c oncaptaura , Ira  rraultata  da  tnutr  rxp^r  tmrntal  ton. 

Mala  plua  qu'unr  confrontation  avrc  Ira  mrthodra  numrr tqura , t 'rat  uur  anaoctatlon  dr  ta  mrthodr 
photo*  taat  tqur  a vac  tra  calculi  qu'll  faut  racharchar  rt  dcSyrloppri*  cat  Ira  vaKula  ar  trouvrut  emUhta 
par  catta  cooperation, 

Kn  affat,  at  l 'on  pru?  conatdrrrr  tra  re*ultata  photor laat  tqtira  comma  dr  ptmplra  compl cmrttl a aua 
calcula  dan*  * retain*  caa  prrdrat  tnra  coittnta  ta  trchrtchr  dra  concrnt t at  Ion*  dr  conlt  ainia  dana  uur  plmr 
complrxr  ou  dana  un  aaarmht  a>ir  da  pilcr*  aoumta  a unr  aol  1 I » 1 1 at  Ion  part  toil  tfcrr , tut  dolt  pitta  tuatrmrnt 
laa  cotta  tdrt  rt  commr  haar  d'appul  dana  Ira  rtndra  avatwer*. 

Uaua  catta  opttqua,  Ir  achrmn  dra  etudr*  \ra  pitta  voittplrxrn  prill  a 'at  tit  ill  n dr  la  tas'on  atilvaittr 

- I'auatvar  photon  laat  (qua  donnr  la  carta  complrtr  dr*  coutraintra  trlrvrra  dan*  una  maqurltr  an  tcatur  att\ 
caractar  lat  tqura  rlaattqur*  donnrra,  aoumtar  a una  *ol  1 1 v it  at  ton  hian  drtrtmlnrr, 

- gtittlrr  par  Ira  rraultata  phot  or  1 aa  t t qura , la  mrthodr  mini*  t tqur  afftttr  Ir  drcoupaur  an  rlrtttrttia  f I «t  t a daua 
Ira  four*  Ira  plua  crttlqura,  rt  , rvrntur 1 1 rmrnt  modlftr  aoa  condition*  aux  ttmttra  pom  ar  rapprochm 
dra  vatrura  donnrra  pat  ta  photocM  a*t  l c littr t r 1 r, 

- la  pt  ammr  da  calcut,  valid*  par  la  photo^ t aa t t c tmet t l r , prut  alof*  flier  applique  tlatta  dtttrtrutra 
hvpot  (trap*  rlaattqur*,  tlatta  dtffdrrntea  conf  t Htirat  tuna  (t<$ometr  tqura  rt  tlatta  toutaa  Ir*  condition*  dr 
aoll  icitat ion  an  arrvtct,  vlhrattiira,  aerodynamtqne  rt  tltrrmtqur,  qua  I'analyar  photofll aat  tqur  nr  prut 
prandra  an  compta, 

Un  dernier  aapact  pant  rtrr  rfvttqutf,  la  coAt  da  l 'operation,  Quelle  qwe  aoll  la  mrthodr  i hoi  air,  l\ 
croft  tie*  rapttlamant  avrt  la  complexity  tlr  la  piece  ou  tlr  1 ' enaemhl r a etudtei 

- ta  real  laat  Ion  dr*  tttaqttr  t t r • , maltfie  Ir*  avanta^r*  i on* t del  aht ra  tlr*  t r » hit  I qtir  * dr  montane,  trp*r*rntr 
la  part  ta  plua  (mpoitantr  du  pt  lx  »lr  trvlrnt  dra  elude*  phot  or  1 ant  tqura  ; i'rat  ta  talaon  pom  taquetle 
rllr*  trntrtonl  toil  tout  a onctruaea  rt  t ract  Vera  a I'dtudr  tlr*  plrcea  rngaKcant  t'tntrjttltr  dm  matritrl*, 

- dr  non  c(it  e,  ir  « alt  til  1 1 I «U  mru*  t onnr  t pat  r I rmntt  a ftnt*  (ait  tapttlrmrnt  apprt  a tlr*  tixtyrua  t ona  Idrt  al»l  r • 
lira  tptr  tra  ptr«ra  *r  cotiipt  tqur  lit  • 

Auaal,  at  ta  Itatautr  am  Ir  plan  rconotttlqur  pnu  Itr  frrqurmmmt  rn  t avrttt  tin  talent  pout  Ira  plmr* 
conrantra,  l ' (utrrt  «t)tat  (on  rratr  tou|oura  poa^r  dana  tc  ta*  tlr*  ptecra  tomplrxra 

- dolt-on  ar  contantrr  it*a  rrautlata  tlr  ealcut,  d'un  prtx  tataonnaMr.  mala  dont  la  flahttltc  tmtr  a 
conftrmrr  t 

- ou  faut-tl  aft  rpt  rt  unr  tieprnar  anpritruir  pour  Acquit  tr  unr  ptrmlrtr  confirmation  rxprt  (mrut  at  r .* 

Ma  I hrurriiarmrnt  , ou  prut-6trr  hrurruarmrut  pom  la  phototllaal  Ic Imrtl  ir , la  t rponar  n'rat  a«qu\*r  qu'a 
poatrrtort  : lr  calcul  ^tatt  aouvrnt  autttaaut,  mata  tl  a fat  In  treourtt  k ta  photorlaat l c tmrt t Ir  pout  lr 
tlrmout  t rr . 
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t.a  photorlaat  I c tmrlr  tr  n'rat  plua  I'apanagr  d'un  crtclr  tlr  chrrehrut  a ou  d'untvrrattal  t ra  rn  qurtr  itr 
an  | r t dr  tltear.  Kltr  rat  rut  rrr  drputa  ptuatnira  aunrra  dana  ta  ptattipir  lutluat  t tr  l Ir  ou  aa  apr«  It  It  Itr 
convlrnt  tout  par  1 1 cul  terrmrnt  a I'analyar  tlra  conernt  rat  tona  dr  coutraintra  lira  lo,altarm,  1 1 rqurwxwnt 
trnconttrra  tlana  Ira  ptecra  mmanlqura. 

Pan*  aon  application  couratttr,  rtlr  nr  nrcraattr  paa  tl ' rqutprmmt  a ttra  compltqura  mala  unr  aotldr 
rxprrlrnir  dra  uttttaatrma, 

l.a  dtvmattr  dra  rtudra  pr^am^ra  montrr  tout  tr  pat  t t qur  prut  ru  lltrt  un  hut  ran  d'rtudra  dr 
turn rpt ton  nr  motruta  d'avtona. 
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Cliche  7 - Simulacre  de  roue  de  soufflante 


Cliche  8 - Maquettes  planes  en  Polymetacrylate  de 
Methyle  (Plexigl  ass) 


Cliche  9 - Isochromat Iques  observees  en  charge  directe 
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Cliche  11  - I aochromat inuea  observeea 
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du  cliche  7 

Cliche  13  - Maquettea  d'aubes  a calage  *'*,  10*  et  1 S 


TLeceb  sUtvilacrea  en  alliage  leger  Maquettes  en  Araldite 

Cliche  19  - Accouplement  d'arbres 


Troua  perces  dans  l'arbre  - Examens  dans  I'epaisseur 


Fin  de  la  portee  de  la  piece  femelle 


Cliche  19  - Isochromatiques  observees  apres  figeage  en  torsion 
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Cliche  30  - Detail  des  isochromat iques  a fond 
de  crique  dans  1 'eprouvette  du 
cliche  29 


Cliche  2^  - Isochromat iques  observers  dans  une 
eprouvette  CT  - ASTM 


Cliche  12  - Maquctte  tie  la  plaque 
a crique  ccntrale 
t raver sante 


1 i c he  II  - I snehromat i ones  observee 
dans  1 'eprouvette  ASTM  a 
entallle  la ter ale 
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DISCUSSION 

P.S.Kuo.  US 

Would  you  discuss  the  third  dimensional  and  thermal  effects  on  the  accuracy  of  the  photoelastic  analysis. 

Reponse  d'Auteur 

( 1 ) Influence  de  la  troisieme  contrainte  sur  la  precision  des  mesures. 

Dans  une  maquette  tri-dimensionnelle  figee  (exactement  comine  dans  une  niaquette  sous  charge  en  temps  reel), 
les  lois  de  la  photoelasticite  relient  I’elliptoide  des  contraintes  d'axes  X,  Y et  Z a celui  des  indices  suivant 
ces  mfmes  axes,  mais  il  n’est  pas  possible  de  inesurer  ehacun  de  ces  indices  en  tout  point  de  la  maquette  et  de 
reinonter  aux  trois  contraintes. 

Pour  acceder  aux  contraintes,  on  doit  isoler  dans  la  maquette  un  plan  principal  de  contrainte  dans  lequel 
1 ellipse  des  contraintes  Tx  et  Ty  peut  etre  reliee  a ceile  des  indices  nx  et  ny  . La  birefringence  observee 
dans  ce  plan  ne  depend  plus que  de  nx  et  ny  (done  de  Tx  et  Ty);  le  troisieme  indice  nz  lie  a la  contrainte 
Tz  n intervient  pas  dans  la  birefringence  et  n a aucun  effet  sur  la  precision  de  la  mesure. 

(2)  Influence  des  effets  thermiques 

Le  cycle  thermique  de  figeage  est  tres  lent;  la  duree  de  refroidissement  apres  application  des  charges  s'etend 
entre  8 et  20  heures,  suivant  la  masse  de  la  maquette.  Le  refroidissement  est  pilote  par  deux  thermocouples 
situes  Pun  au  coeur,  I’autre  en  surface  d’une  masse  de  materiau  semblable  a ceile  de  la  maquette  et  soumise 
pres  d’elle  au  cycle  de  figeage:  le  refroidissement  impose  est  tel  qu’il  n’y  ait  jamais  plus  de  l°C'd'ecart  entre 
la  temperature  a coeur  et  ceile  de  la  surface.  Dans  ces  conditions,  la  temperature  peut  etre  consideree  comme 
hontogene  dans  toute  la  masse  de  la  maquette  et  les  effets  thermiques  sur  la  precision  des  mesures  sont  absolu- 
ntent  ncgligeahles. 
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SUMMARY 

Thermal  fatigue  is  an  important  criterion  for  predicting  the  life  of  cooled  turbine 
blading.  Its  causes  are  thermal  stresses  which  arise  from  local  inhibition  of  thermal 
expansion  and  which  are  not  amenable  to  direct  measurement.  Their  calculation  requiies 
knowledge  of  the  temperature  distribution  in  space  and  time. 

In  the  case  of  turbine  blading,  temperature  distribution  in  the  mean  section  of 
the  blade  can  readily  be  dealt  with  as  a problem  of  heat  conduction  in  a plane.  For 
stress  calculation,  it  is  here  assumed  that  the  cross  section  remains  plane.  Stresses 
in  the  sectional  plane  and  normal  stresses  in  the  direction  of  blade  span  result,  the 
latter  being  the  dominant  ones. 

For  thermal  fatigue  test  conditions,  stress  and  strain  profiles  in  the  blade  are 
calculated  using  measured  and  calculated  -emperature  distributions.  Non-elastic  material 
behaviour  (creep)  is  taken  into  account.  In  the  thermal  fatigue  tests,  the  pattern  of 
damage  vary  with  superimposed  external  stresses;  this  behaviour  is  explained  in  the  light 
of  the  calculated  stress-strain  cycles. 


SYMBOLS 


x,y 


co-ordinates  in  the  directions  of  the  principle  axes  of  inertia  of  the 
mean  blade  section 

co-ordinate  in  the  direction  of  the  blade  spar, 
time 

absolute  temperature 
normal  stress 
strain 

spanwise  tension  force 
blade  cross  section  area 
modulus  of  elasticity 
Poisson's  ratio 

coefficient  of  thermal  expansion 
bending  deformation  in  directions  x,y 
displacement  in  direction  z 
angle  of  twist 

pre-twist  per  unit  length  of  blade 
torsional  stiffness 

moments  of  inertia  of  blade  cross  section 


1.  MECHANICS  OF  DAMAGE  TO  TURBINE  BLADES 

In  the  interest  of  efficiency  advanced  gas  turbine  engines  must  be  designed  for 
high  mechanical  and  thermal  blade  loading.  It  is  necessary  to  predict  the  service  life  of 
turbine  blades  to  arrive  at  a safe  design.  This  requires  familiarity  with  the  various 
mechanics  of  damage  limiting  the  life  of  a turbine  blade: 

damage  by  foreign  object  impact;  foreign  objects  are  blown  into  the  blade 
cascade  by  the  gas  stream 

vibration  fatigue  failure  as  a result  of  high-frequency  excitement  caused  by 
the  shafting  or  the  gas  stream  and  coming  into  resonance  with  the  natural 
vibrations  of  the  blade 

fatigue  cracks  as  a result  of  cyclic  changes  in  the  mechanical  and  thermal 
loading;  maximum  thermal  stresses  occur  because  of  steep  temperature  gradients 
especially  in  the  transient  load  conditions 

- creep  rupture  as  a result  of  high  steady  state  stress  and  temperature  over 
sustained  full-load  operation 

- corrosion  of  the  blade  surface  by  chemical  attack  of  the  combustion  gases  at 
high  temperatures. 

In  the  engine,  these  mechanics  concur  and  may  affect  one  another.  In  order  to  ana- 
lyse and  predict  the  complex  damage  to  a blade  in  the  engine,  it  is  necessary  to  isolate 
these  mechanisms  as  far  as  possible.  The  aim  of  this  investigation  is  to  analyse  the 
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thermal  fatigue  and  static  creep  damage  under  the  Influence  ot  corrosive  media  in  the 
«>nv  l ronment  . 

2.  THERMAL  K ATX GUE  TKSTS  ON  COOLED  TURBINE  BLADES 

Fig.  1 shows  one  stage  ot  a turbine  in  the  engine  and  illustrates  the  blades  in  a 
stream  ot  hot  gas,  the  radial  (low  ot  cooling  air  through  the  blades,  and  the  centrifugal 
tension  acting  on  t tie  turbine  blade. 

Fig.  2 shows  the  changes  in  speed,  hot  gas  temperature  and  blade  temperature  tor  a 
typical  load  cycle  on  the  turbine  blade  (idling  - lull  load  - idling).  Turbine  speed 
and  mean  blade  temperature  change  almost  synchronious ly . The  rapid  change  In  gas  tern 
peratute  In  the  transient  phases,  however,  causes  steeper  temperature  gradients  in  the 
blade  than  In  the  steady-state  full-load  condition. 

For  closer  investigation  ot  thermal  fatigue,  a test  procedure  was  developed  by  MTU 
m which  a turbine  blade  is  tested  under  closely  simulated  operating  conditions.  Analysis 
ot  thermal  fatigue  Is  tlrst  carried  out  t r om  t he  evidence  provided  by  these  tests  be- 
cause the  external  conditions  are  here  considerably  easier  to  control  than  in  the  engine. 
The  test  set-up  consists  ot  a combustion  chamber,  a cold  air  duct,  a segment  ot  a disc 
lifted  with  turbine  blades,  a device  tor  applying  a tensile  load  to  t lie  test  blade,  and 
an  arrangement  tor  cooling  the  blade  with  compressed  air. 

Data  on  thermal  fatigue  tests: 

Heating  phase  Cooling  phase 

Cas  temperature  T • 1600  K /‘IH  K 

Mach  No.  of  external  gas  flow  M.i  - o./‘»n  0.1H0 

Reynolds  No.  (referred  to  blade  Re  - 2/\iJ  '141,’*I 

chord  l ) 

Tensile  load  ( steady-state  values)  • 170  - 300  N/mm‘  ' 2 N/mitT 

The  alrf  low  for  blade  cooling  ( *»  % ot  the  gas  t low  .it  p - i.  1 s bar  . T,  * ^'itf  K on 
entry)  remained  constant  throughout  the  test.  The  external  View  ot  hot  gas' oi  cold  com- 
pressed air  was  cyclically  altered  by  displacing  the  combustion  chambet  sideways  with 
the  tensile  load  being  applied  synchronious ly  via  a pneumatic  actuator. 

Fig.  3 shows  a diagram  ot  the  arrangement  ot  the  test  blade  m the  hot  gas  duct, 
with  thermocouples  tor  measuring  blade  temperature.  A radiation  pyrometer  was  also  titted 
to  monitor  the  temperature  at  the  trailing  edge.  Whilst  only  the  first  test  blade  was 
fitted  with  thermocouples  tor  monitoring  the  temperature  cycle,  the  pyrometei  measure- 
ment was  carried  out  on  all  blades  lor  verification. 

The  test  procedure  has  already  been  analysed  in  Ret.  /!/.  The  test  cycle  consists 
ot  a heating  phase  and  a cooling  phase,  each  30  seconds  long,  and  a hold  time  ol  r>  mi- 
nutes In  the  hot  condition.  Fig.  -1  shows  the  changes  in  gas  temperature,  mean  blade 
temperature  and  tensile  load  during  the  cycle.  As  a result  ot  displacing  the  combustion 
chamber  sideways,  the  gas  temperature  changes  rathei  abruptly.  In  contrast,  the  blade 
temperature  changes  mote  slowly  than  it  does  in  the  engine  cycle  because  the  heat  trans- 
fer coefficients  are  considerably  lower  than  in  the  engine  because  the  gas  pi  ensure  is 
lower.  In  the  cycle  t he  tensile  load  is  applied  m approximate  synchronism  with  the 
blade  temperature.  The  st eady-st at e tensile  load  was  varied  between  the  centiltugal  load 
m the  engine  and  a maximum  ot  60  % overload,  referred  to  the  mean  blade  section.  The 
cycles  were  run  in  constant  succession  until  cracking  or  rupture  occurred,  damage  being 
determined  by  visual  inspection  as  well  as  by  interim  dye  checking.  The  results  hei e 
shown  were  obtained  using  turbine  blades  from  Inconel  100  without  ant i-cor ros ion  coating. 

3.  CALCULATION  PROCEDURE  FOR  TEMPERATURE  AND  STRESS  ANALYSIS 

The  stressing  ot  the  turbine  blade  results  I rum  the  external  tensile  load  and  the 
thermal  stresses  which  are  caused  by  local  inhibition  oi  thermal  expansion.  Knowledge  ol 
the  transient  temperature  distribution  in  the  blade  is,  therefore,  the  pi e- 1 egu is 1 1 <• 
to  calculating  its  stress  and  deformation  conditions. 

Planar  heat  conduction  is  assumed  in  tin-  mean  blade  section  toi  calculating  the 
temperature  using  the  finite  element  method  (Rei.  '}/).  Fig.  t>  shows  the  dtscret isat ion 
ct  the  blade  section  using  tsoparametr ic  finite  elements.  In  addition  to  1 he  convective 
heat  transfer,  as  depicted  In  Fig.  heat  radiation  at  the  blade  sun  ace  (m  the  lul- 
ling edge  /one)  is  also  taken  into  account.  The  determination  of  actual  heat  transfer 
coefficients  is  described  in  Ret.  /!/. 

For  calculating  steady-stale  and  transient  t empei ature  distributions,  the  vai i.it ion 
of  the  thermal  conductivity,  as  well  as  the  specific  heat  ot  the  blade  material  with 
temperature  was  taken  into  consider  at  Ion . 

In  order  to  calculate  the  stresses  in  the  blade  section,  the  deformation  ot  the 
whole  blade  must  be  known,  considering  that  thermal  expansion  it  restricted  can  retied 
in  alt  directions.  A 3-dtmensiona 1 calculation  ol  stress  and  delot  mat  ion,  howevei , ie 
gulres  the  knowledge  ot  the  3-D  temperature  dtstt ibution;  the  amount  of  calculating  and 
measuring  required  would  be  unbearable,  especial ly  loi  determining  the  transient  con 
d i t Ions . 


Assuming  that  the  blade  section  expands  spanwise  at 
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the  distortions  In  the  aoction.il  plane  can  bo  calculated  as  a plane  strain  condition  from 
the  temperature  distribution  using  the  finite  elements  network  as  in  Fig.  b.  The  varia- 
tion of  the  modulus  of  elasticity  and  the  coefficient  of  expansion  with  temperature  is 
approximated  by  means  of  square  polynomials.  The  spanwise  stress  amounts  to 

- k <ez  - « ti  ♦ \nd>x  (2) 

Fig.  7 shows  the  steady-state  temperature  distribution  and  the  distribution  of  the 
equivalent  stresses  m the  blade  section  from  this  calculation.  The  equivalent  stress  is 
almost  identical  to  the  amount  of  spanwise  stress  <4  , and  its  distribution  is  similar 
to  the  temperature  distribution  over  the  section.  Hofiever,  Equ.  (1)  does  not  describe 
the  actual  deformation  behaviour,  particularly  for  small  tensile  loads  in  the  transient 
phases.  The  airfoil  can  bend  from  the  heat  as  a result  of  the  temperature  gradients. 
Assuming  that  the  blade  sections  remain  plane,  the  following  equations  apply  to  thermal 
bending  (see  Fig.  8): 
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here  afterwards. 

With  regard  to  the  boundary  conditions,  the  thermal  deformation  ol  the  blade  can 
be  calculated,  from  the  profile  of  the  inteqral  values  in  Kqu.  (1),  (<)  and  (4)  along 
the  blade  span.  Fig.  H shows  the  thermal  deformation  of  the  blade  in  the  steady-state 
conditions,  but  with  no  tensile  load. 


With  external  loading,  the  equilibrium  and  deformation  problem  can  be  solved  using 
the  theory  of  beams,  with  the  thermal  deformation  entering  into  in  the  equation  as  a 
stress-free  initial  distortion.  This  calculation  is  made  lor  each  time  step  during  the 
transient  phases. 


The  spanwise  strain  in  the  mean  blade  section  is,  as  a result  of  this  calculation, 
expressed  as  follows: 

it  II  y i 

£ » w*  - x - U - y • v + 6'r  (^> 

Instead  of  using  constant  expansion  (1),  the  total  stress  condition  in  the  sec- 
tion is  calculated  as  tor  a plane  strain  condition,  but  with  spanwise  strain  varying 
with  the  location  (5);  cf.  Ket . /4/. 


1 1 nod 


The  calculations  on  the  blade  here  investigated  gave 
the  sectional  plane;  for  this  reason,  the  continued 
to  the  single-axis  stress  condition 


negligibly  small  stresses  A , 
calculations  could  be  con- 
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4.  TEMPERATURE  AN  11  STRESS  PROFILES  IN  THE  THERMAL  FATIGUE  CYCLE 


The  steady-state  temperature  profile  in  the  mean  section  ol  the  turbine  blade  was 
calculated  for  the  load  cycle  as  described  and  was  compared  with  the  thermocouple  rea- 
dings. The  computed  steady-state  temperature  distribution  (Fig.  7)  after  heating  showed 
close  agreement  with  the  measurements,  and  in  the  transient  phases  the  differences 
of  computed  from  measured  values  were  about  S %,  referred  to  the  total  temperature  change. 
Fig.  10  shows  the  computed  temperature  profiles  at  the  leading  edge  and  on  the  pressure 
side  during  heating  and  cooling. 


Hue  to  the  higher  heat  transfer  coefficient  at  the  leading  edge,  the  temperature 
during  heating  and  cooling  here  varies  considerably  faster  than  in  the  raid-portion  of  the 
cross  section.  Fig.  9 shows  the  temperature  and  stress  distributions  after  2 secs  in 
the  heating  period.  The  high  temperature  gradient  at  t tie  leading  edge1  here  causes  severe 
compressive  stresses.  The  stress  calculation  so  far  assumed  a strictly  elastic  behaviour 
of  the  material.  The  stress  distribution,  unlike  in  the  steady-state  condition  pel  Fig.  7, 
does  not  run  In  parallel  with  the  temperature  distribution,  because  a portion  ot  the 
temperature  gradient  creates  a thermal  bending  detormat ion. 


Owing  to  the  elevated  temperatures  the  continued  calculation  must  consider  now  also 
elastic  behaviour  of  the  material.  Using  evidence  provided  by  short-time  ct eep  tests,  a 
creep  law  was  obtained  ol  the  McVetty  type: 
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The  variation  with  temperature  is  considered  by  M and  N. 

For  the  creep  strain  rate  £ of  the  blade  section,  a deformation  formula  analogous 
to  Equ.  (5)  applies,  i.e.,  the  rafe  of  deformation  is  obtained  from  integration  of  the 
local  creep  rates  (7)  over  the  section,  cf.  Ref.  /5/.  Assuming  a constant  external  load, 
the  local  stress  variation  will  be: 


d 6 z 
dt 


E ( £_ 


V 


(8) 


Owing  to  the  variation  in  temperature  and  external  load  the  equilibrium  and  defor- 
mation condition  along  blade  span  is  computed  again  for  every  time  step,  considering 
deformation  by  creep  in  the  heating  phase  and  during  the  hold  time  period. 

Fig.  10  shows  the  variation  of  stresses  at  the  leading  edge  and  on  the  pressure 
side  during  the  first  cycle.  As  it  will  become  apparent,  considerable  variations  in 
stress  occur  also  during  the  hold  time  because  a portion  of  the  inhibited 
thermal  expansion  is  transformed  into  creep.  This  leads  to  correspondingly  high  resi- 
dual stresses  in  the  section  after  re-cooling. 

The  blade  is  cooled  in  a stream  of  pressurized  cold  air.  At  the  leading  edge  the 
blade  cools  faster  than  in  mid-portion;  the  tensile  stress  occurring  is  of  almost  the 
same  magnitude  as  the  compressive  stress  during  the  heating  period.  Fig.  11  shows  the 
temperature  and  stress  distributions  after  2 secs  in  the  cooling  period.  Apart  from  the 
stress  distribution,  it  is  also  the  stress  relief  previously  achieved  in  the  hold  time 
which  affects  the  stress  distribution  in  the  cooling  phase.  The  residual  stresses  pre- 
vailing after  cooling  constitute  the  initial  stresses  for  the  next  cycle,  and  these  will 
reduce  the  stress  peaks  in  the  subsequent  heating  phases. 


5.  FAILURE  ANALYSIS  FROM  THERMAL  FATIGUE  TESTS 

Fig.  12  shows  typical  instances  of  damage  noted  in  the  thermal  fatigue  tests.  Under 
low  tensile  load,  fatigue  cracks  occurred  at  the  leading  edge  after  about  8000  cycles. 
These  cracks  gradually  widened  by  oxidation  at  the  flanks  of  the  crack,  and  after  a length 
of  2 mm  had  been  reached,  crack  propagation  slowed  to  a modest  rate. 

When  the  tensile  load  was  increased,  however,  the  formation  of  incipient  creep 
cracks  was  noted.  These  cracks  develop  in  the  well-cooled  mid-portion  of  the  blade;  the 
presence  of  creep  pores  was  witnessed  also  at  the  edges  of  the  cooling  holes.  The  pro- 
pagation rate  of  creep  cracks  was  so  fast  that  in  most  instances  only  creep  rupture  of 
the  blade  was  noted. 

Distinction  can  obviously  be  made  between  two  separate  mechanisms  of  damage.  While 
the  fatigue  cracks  in  the  leading  edge  area  are  caused  by  high  thermal  alternating 
stresses,  a creep  fracture  will  occur  in  areas  under  high  tensile  stress  during  the  hold 
time. 

Fig.  13  shows  the  computed  stress-strain  cycles  at  the  leading  edge  for  steady- 
state  tensile  loads  of  various  magnitudes.  The  presence  of  loops  is  noted,  although  the 
material  behaviour  had  been  anticipated  to  be  strictly  elastic  during  the  rapid  load 
variations  in  the  early  transient  phases.  These  loops  are  traversed  during  heating  and 
cooling  in  opposite  directions;  they  are  attributed  to  the  variation  of  the  modulus  of 
elasticity  with  temperature. 

Under  moderate  tensile  load,  stress  relief  at  nearly  constant  strain  takes  place 
during  the  hold  time.  This  gives  rise  to  residual  stresses  after  cooling,  while  the  strain 
reduces  to  nearly  zero.  Under  raised  tensile  load,  however,  an  amount  of  static  creep 
strain  is  accumulated  during  the  hold  time.  Owing  to  the  primary  creep  behaviour  the 
creep  strain  in  the  first  cycle  is  somewhat  higher  than  in  the  succeeding  cycles. 

Fig.  14  shows  the  stress  and  strain  cycle  (at  low  tensile  load)  versus  temperature 
together  with  static  strength  values  of  the  IN  100  material.  The  static  yield  point  is 
not  exceeded.  The  material  reaches  its  minimum  ductility  at  about  T = 1000  K.  Calculation 
of  the  number  of  stress  cycles  to  first  crack  had  so  far  failed  to  give  satisfactory 
results  and  calls  for  further  investigation.  Prediction  of  the  creep  life,  however,  can 
be  made  satisfactorily.  Comparison  of  stress  with  the  creep  life,  in  lieu  of  accumulation 
of  the  creep  strains  in  every  cycle,  leads  to  an  acceptable  life  prediction.  The  stress 
resulting  from  the  external  load  is  a determinant  of  the  static  creep  strain.  Fig.  15 
shows  a comparison  with  results  of  creep  rupture  tests  on  flat  specimens  in  a combustion 
gas  atmospher,  from  Ref.  /6/.  The  values  gained  from  the  specimens  largely  fit,  for  the 
respective  temperature,  in  a scatter  band  the  width  of  twice  the  life.  The  effect  of  hot 
gas  corrosion,  compared  with  test  results  taken  in  air,  caused  the  times  to  rupture  of 
the  specimens  to  be  cut  in  half.  For  the  times  to  rupture  of  the  blades,  only  the  heating 
and  hold  time  periods  of  each  cycle  (5.5  mins)  were  added  together.  The  variation  of  the 
times  to  rupture  with  the  external  load  on  the  blades  gives  a scatter  band  which,  with 
the  mean  blade  temperature,  fits  well  in  the  time-to-rupture  scatter  band  of  the  flat 
specimens . 

6.  CONCLUSIONS 

Simulated  thermal  fatigue  tests  conducted  on  a test  rig  on  turbine  blades  provided 
substantial  evidence  of  the  causative  mechanics  of  damage.  The  noted  patterns  of  damage 
were  of  two  types  indicative  of  creep  failure  or  fatigue  damage.  Their  calculation  re- 
quires different  approaches.  While  the  creep  failure  can  be  predicted  from  the  external 
load  and  the  mean  temperature  at  steady-state  conditions,  the  determination  of  fatigue 
damage  calls  for  the  calculation  of  local  stress-strain  profiles  during  transient  phases. 


Owing  to  the  gas  temperature  profile  at  the  combustion  chamber  exit  and  owing  to  the 
blade  cooling  arrangement,  the  temperatures  often  reach  a maximum  at  mid  span. 


where  the  thermal  design  calculations  are  made.  For  stress  computation,  the  deformation 
behaviour  of  the  blade  is  first  calculated  using  the  beam  theory;  and  generalising  the 
plane  strain  condition,  the  stresses  in  the  section  are  then  calculated.  The  dominating 
effect  of  the  spanwise  stress  as  here  noted  must  not  necessarily  apply  in  all  cases. 

Computation  of  the  number  of  cycles  to  first  crack  from  the  maximum  amplitude  of 
strain  are  still  not  satisfying  . For  the  lack  of  material  data,  the  calculations  still 
ignore  the  cyclic  plastic  behaviour  of  the  material.  It  is  assumed,  however,  at  least 
for  uncoated  blades,  the  results  from  which  are  here  shown,  that  apart  from  the  strictly 
cyclic  damage,  there  will  also  be  damage  as  a function  of  time,  by  intercrystal  1 ine 
corrosion  at  the  surface,  to  trigger  the  development  of  thermal  fatigue  cracks. 
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DISCUSSION 


B.L.KofT,  US 

The  paper  shows  a hot  static  rig  test  of  a cooled  turbine  blade  and  compares  it  with  flat  plate  specimen.  It  does 
not  show  how  this  test  correlates  with  actual  cooled  turbine  experience.  Based  on  experience,  it  is  not  likely  that 
this  type  of  experimental  test  will  correlate  engine  failure  modes. 

Author’s  Reply 

The  test  cycles  in  the  thermal  fatigue  test  rig  have  been  chosen  in  order  to  correlate  with  temperature  cycles  in 
engine  endurance  tests  as  far  as  possible.  Of  course,  there  remain  many  important  differences  between  test  cycle 
and  the  actual  conditions  for  the  blade  in  the  engine.  But  calculations  and  experience  on  the  basis  of  our  thermal 
fatigue  tests  are  thought  to  be  the  necessary  steps  for  a thermal  fatigue  life  prediction  of  cooled  turbine  blades  in 
the  future. 


J.Colpin,  Belgium 

Could  you  comment  on  the  influence  of  the  spanwise  temperature  distribution  on  the  thermal  fatigue  evolution 
(or  the  point  of  maximum  temperature).  Number  of  cycles  necessary  to  reach  rupture  in  function  of  different 
spanwise  temperature  distribution? 

Author’s  Reply 

I cannot  comment  from  experience  on  this,  because  we  have  not  varied  the  spanwise  temperature  distribution  in  the 
blade  which  is  mainly  affected  by  the  spanwise  gas  temperature  profile.  This  profile  has  its  maximum  approximately 
at  mid  span,  where  the  creep  rupture  occurred.  The  evolution  of  thermal  fatigue  cracks  at  the  leading  edge  occurred 
on  several  spanwise  locations  in  the  mid  span  region  of  the  airfoil,  as  can  be  seen  on  the  left  picture  of  Figure  1 2. 
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PREVISION  DE  LA  DUREE  DE  VIE  UES  MOTEURS 
par 

D • GRANDOULIER 
S.N.E.C.M.A. 

Centre  d' Essais  de  VILLAROCHE 
77550  KOISSY  CRAKAYEL 


RESUME 

Dane  les  turboreac teurs  aeronaut iquea  le  compromis  entre  legerete  et  endurance  impose  une 
prevision  precise  de  la  duree  de  vie  des  pieces.  Les  pieces  dont  la  rupture  mettrait  en  cause 
l'integrite  du  moteur  doivent  otre  dimensionnees  pour  repondre  a deux  cri teres  : 

- eviter  l'apparition  d 1 une  crique  au  cours  de  la  duree  de  vie  prevue  de  la  piece. 

- s'assurer  qu'un  defaut  non  decelable  au  cours  d'une  revision  generate  n'evolue  pas  jusqu'a 
atteindre  une  taille  critique  avant  la  revision  suivante. 

Le  but  de  cet  expose  est  de  presenter,  sur  l'exemple  d'un  disque  de  turbine,  une  methode  de 
prevision  de  duree  de  vie  en  fatigue  ol igocyc 1 ique  et  de  montrer  1 ' importance  de  la  connaissance 
des  lois  de  compor tement  du  materiau. 


1.  INTRODUCTION 

Dans  les  turboreac teur s aeronaut iques , les  objectifs  de  masse  et  d * encombrement  imposent 
aux  construe teurs  1 ' ut i 1 isat ion  de  materiaux  performants,  1 'opt imisa t ion  des  formes  pour  limiter 
les  contraintes  locales,  et  la  reduction  des  coefficients  d' ignorance. 

Cette  reduction  des  coefficients  d'ignorance  suppose  une  analyse  approfondie  des  sollicitations 
locales  et  une  bonne  connaissance  du  comportement  du  materiau. 

Ces  efforts  sont  part icul ierement  payants  dans  les  rotors,  car  1 ' augmentat ion  de  la  vitesse 
de  rotation  permet  de  reduire  le  nombre  d'etages  de  compresseur  et  de  turbine,  done  a la  fois  la 
masse  et  le  prix. 

Aujourd'hui  la  maitrise  des  systemes  de  refroidissement  et  1 ' amel iora t ion  des  performances 
des  materiaux  perraettent  de  resoudre  les  problemes  de  tenue  en  fluage  et  la  principale  limitation 
a 1 'augmentat ion  du  niveau  de  sol 1 ic i tat  ion  est  la  fatigue  ol igocycl ique. 

Pour  atteindre  I'objectif  de  legerete  du  moteur,  il  faudra  done  admettre  de  faire  travailler 
les  materiaux  au  dela  de  la  limite  elastique  et  de  limiter  la  duree  d'utilisation  de  certaines 
pieces.  Pour  un  disque  par  exemple,  dont  l'eclatement  mettrait  en  cause  l'integrite  du  moteur,  il 
est  necessaire  de  determiner  d'une  part  le  nombre  de  cycles  de  fonc t ionnement  a ne  pas  dopasser 
pour  eviter  l'apparition  d'une  fissure  et  d'autre  part  la  periodicite  des  contrdles  qui  assurent 
qu* m defaut  existant  ne  peut  atteindre  une  taille  critique. 

La  determination  de  ces  limites  est  effectuee  en  plusieurs  phases  : 

- Etabl issement  des  specifications  qui  precisent  les  objectifs  et  les  conditions  d'utilisation. 

- Definition  des  pieces  et  acceptation  des  plans  apres  verification  des  objectifs  par  calcul  et 
essais  sur  eprouvettes. 

- Apres  realisation  de  pieces  et  mise  au  point  de  la  gamme  de  fabrication  : essais  partiels  sur 
piece  reelle  (ou  eprouvettes  prelevees  dans  une  piece  reelle),  ce  qui  permet  d'ajuster  la  prevision 
de  potentiel.  Cette  nouvelle  estimation  du  potentiel  peut  aboutir  a lancer  des  modifications  si 
necessaire • 

- Demonstration  d'une  duree  de  vie  initiale  autoriiee  • 

- Extension  de  cette  duree  de  vie  caracterisee  par  essais  complementaires  sur  des  pieces  ayant  vieilli 
en  utilisation 

Nous  nous  limiterons  ici  a 1 'expose  des  methodes  de  prevision  par  calcul  et  essais  sur  eprouvet- 
tes appliquees  a un  disque. 

Nous  allons  examiner  successi vement  : 

- les  conditions  de  fonc t ionnement  sur  moteur  et  le  calcul  des  sollicitations. 

- les  essais  de  carac ter i sa t ion  des  materiaux  et  la  transposition  des  resultats  obtenus  sur  eprouvette 
A la  piece  reelle. 

- lea  precautions  prises  pour  assurer  une  bonne  fiabilite  a la  methode  de  prevision. 
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2.  CONDITIONS  DE  FONCT 1 ONNEMENT  SUR  MOTEUR  ET  CALCUL  DES  S0LL1 Cl  TATI ONS 

2.1.  Conditions  de  fonc t ionnement  moteur 

Bien  que  les  pilotes  idaptent  lour  plan  de  vol  aux  parcoura  a effectuer  et  mix  conditions 
meteorolcqiques  par t ic u 1 ieres , on  peut  schomatiser  le  fonc t ionnement  d'un  apparel  1 donno  par  un 
(ou  plusieurs)  vol  type. 

La  planche  1 montre  le  vol  type  d'un  moteur  pour  avion  civil.  On  peut  noter  une  acceleration 
rapide  jusqu'  au  regime  maximum  qui  est  maintenu  pendant  le  decollage. 

La  nontoe  puis  la  croisiere  sont  effectuees  a des  regimes  legerement  inferieurs. 

A 1 ' a t terr i ssage  le  moteur  est  de  nouveau  soumis  a une  variation  de  regime  importante  lors 
de  1' inversion  de  poussoe. 

La  definition  de  cette  mission  permet,  pour  des  conditions  a tmospher i ques  donnees,  de  calculer 
1 'evolution  des  parametres  de  fonc t ionnement  du  moteur. 

2.2.  Calcul  des  sol 1 ic i tat  ions 

La  photo  de  la  planche  2 montre  un  disque  de  turbine,  cette  piece  est  destinee  a supporter 
1 'effort  centrifuge  des  aubes  et  a transmettre  le  couple  developpe  par  la  turbine.  De  plus  elle 
est  soumise  aux  forces  centrifuges  internes  et  a des  gradients  thermiques.  Les  points  critiques 
en  fatigue  ol i gocyc 1 ique  sont  essent iel lement  : 

- l'alesage  qui  est  soumis  a une  contrainte  c irconferent iel le  importante  de  traction. 

- les  alveoles,  usines  dans  la  jante,  sont  destines  a recevoir  les  pieds  d'aubes. 

La  jante  travaille  a un  niveau  de  contrainte  moyenne  beaucoup  plus  faible,  mais  la  geometrie 
provoque  des  concentrations  de  contraintes. 

- Dans  d'autres  technologies  les  trous  de  passage  de  tirants  et  les  bossages  qui  les  bordent 
peuvent  egalement  etre  critiques. 

L' etude  aerothermi que  du  disque  et  de  son  env i ronnoment  permet  de  determiner  a tout  instant 
le  champ  de  temperature  de  la  piece. 

La  planche  3 montre  1 'allure  de  1 'evolution  des  temperatures  de  la  jante  et  de  l'alesage. 

On  peut  constater  que  l'alesage  plus  massif  a un  temps  de  reponse  plus  long,  ce  qui  eniraine  des 
gradients  thermiques  importants  lors  des  accelerations  et  des  decelerations. 

Le  calcul  global  de  resistance  fournit  alors  l'evolution  de  la  contrainte  et  de  la  deformation 
moyenne  dans  chaque  coupe  du  disque  au  cours  de  la  mission  type. 

Les  variations  de  contrainte  tangentielle  a l'alesage  et  dans  la  jante  au  cours  des  phases 
d'acceleration  et  de  deceleration  sont  figurees  svir  la  planche  3» 

Dans  les  zones  presentant  des  concentrations  de  contrainte,  le  facteur  de  concent ra t ion  peut  etre 
determine  par  diverses  methodes  : 

- elements  finis  en  bidimensionnel  ou  tridimensionnel • 

- equations  integrales  en  bidimensionnel  ou  en  tridimensionnel. 

- photoclast icimetrie. 

Le  resultat  d'un  calcul  d'alveole  de  compresseur  par  elements  finis  est  presente  planche  4. 
Deux  zones  a fort  gradient  de  contrainte  sont  mises  en  evidence  : 

la  limite  de  portee  et  le  fond  d'alveole. 

Pour  1 'etude  par  photoelast icimetrie,  une  maquette  de  la  piece  en  resine  epoxyde  est  mise 
sous  contrainte  puis  figee.  Des  lamelles  sont  ensuite  prelevees  dans  les  zones  critiques  et 
analysees  par  transparence  en  lumiere  polarisee.  La  birefringence  du  material!  cree  des  franges 
d' interference.  Chaque  i sochroma t ique  correspond  a un  peart  constant  entre  les  deux  contraintes 
principales.  On  peut  determiner  la  contrainte  sur  le  bord  libre  de  la  lamelle  par  comptage  des 
franges. 

L'application  des  facteurs  de  concentrat ion  aux  contraintes  moyennes  par  tranche,  calculees 
en  transitoire,  permet  de  determiner,  en  chaque  point  critique,  la  contrainte  locale  en  supposant 
que  le  material!  reste  elastique. 

3.  ESSA1S  DE  CARACTERI SAT10N  DES  MATERI AUX  ET  APPLICATION  A UNE  PIECE  COMPLEXE 

Le  but  de  ces  essais  est  d'etablir  les  relations  entre  l'etat  de  sol  1 ic itat ion  de  la  matiere, 
le  nombre  de  cycles  qui  provoque  l'apparition  d'une  crique  et  la  vitesse  de  progression  d'une 
crique  existante.  Ces  relations  doivent  6tre  etablies  pour  plusieurs  temperatures  et  pour  un  certain 
nombre  de  formes  de  cycle  ( sol 1 ic i ta t ion  alternoe  ou  variant  entre  0 et  une  valeur  positive,  avec 
ou  sans  temps  de  maintien  sous  charge  maximum  ou  minimum) • 

La  carac terisation  d'un  materiau  en  fatigue  est  done  longue  et  coflteuse.  II  est  necessaire  avant 
de  1 ' entreprendre  de  bien  select ionner  le  matAriau  et  de  definir  les  essais  sur  eprouvette  qui 
permettent  de  representer  le  plus  fidelement  possible  le  comportement  des  pieces  qui  seront  realisees 


avec  ce  materiau 


Choix  du  materiau  a etudier. 


La  decision  d'entreprendre  l 'etude  complete  d'un  materiau  pour  disque  depend  des  points 
suivants  : 

- Les  essais  prel iminaire  de  fatigue  doivent  demontrer  que  ce  materiau  apporte  une  amelioration 
a 1 ' initiation  ou  a la  vitesse  de  progression  d'une  crique  en  fatigue  lente. 

- La  limite  elastique,  la  rupture  et  la  tenue  en  fluage  doivent  Stre  suffisantes  pour  ne  pas  limiter 
le  gain  attendu  en  fatigue. 

- Le  materiau  doit  d'autre  part  satisfaire  un  certain  nombre  de  criteres,  qui  ne  sont  pas  directement 
utilises  au  stade  dimens ionnement  qui  garantissent  son  bon  comporteraent  : 

resilience,  sensibilite  a l'entaille,  sensibilite  a la  corrosion,  stability  structurale,  allongement 
a rupture. 

De  plus,  le  prix,  la  facilite  d'usinage,  la  soudabilite  ou  la  forgeabilite  peuvent  orienter 
le  choix  vers  un  alliage. 

3.1.  Analyse  de  l'initiation  d'une  crique 

3.1.1.  Choix  du  type  d* eprouvettes  et  du  mode  de  sol 1 ic i tat  ions • 

Comme  nous  l'avons  vu  precedemment  les  points  critiques  d'un  disque  sont,  pour  la 
plupart,  des  points  soumis  a de  fortes  concentrations  de  contraintes  (facteur  compris  entre 
1,5  et  3 ) • Une  demarche  logique  consiste  done  a utiliser  des  eprouvettes  entaillees,  simulant 
la  concentration  de  contrainte  de  la  piece  a etudier,  soumises  a un  effort  cycle. 

L ' eprouvette  represente  la  zone  critique  de  la  piece  et  1 ' interpretation  des  essais 
est  simple.  Cependant,  si  elle  garde  tout  son  interEt  au  niveau  de  la  comparaison,  cette 
methode  peut  conduire  au  niveau  du  dimensionnement  a une  prevision  trop  optimiste.  En  effet 
sur  une  eprouvette  de  taille  reduite  et  a forte  concentration  de  contrainte,  plusieurs 
phenomenes  peuvent  perturber  le  comportement  en  fatigue  : 

- Le  gradient  de  contrainte  est  beaucoup  plus  eleve  que  sur  piece  reelle. 

- La  taille  de  la  zone  critique  eat  tres  faible,  ce  qui  reduit  la  probability  de  rencontrer 
un  defaut. 

- L'usinage  du  petit  rayon  destine  a realise**  la  surcontra inte  peut  provoquer  un  ecrouissagc 
important  de  la  zone  critique,  ce  qui  ameliore  sa  tenue  en  fatigue. 

Pour  eviter  ces  inconvenient s les  essais  sur  eprouvette  lisse  ont  ete  developpes.  Ce 
type  d'eprouvette  presente  une  zone  utile  beaucoup  plus  importante  car  la  section  complete 
est  sollicitee. 

Le  mode  d'usinage  est  plus  facile  a maitriser.  Cette  eprouvette  soumise  a une  charge  cyclee 
est  bien  representative  des  zones  a faible  gradient  de  contrainte  comme  par  exemple  l'alesage 
d'un  disque.  Dans  les  zones  ou  le  gradient  de  contrainte  est  plus  eleve,  1 'eprouvette  simule 
le  comportement  de  1 'element  de  matiere  le  plus  sollicite  de  la  zone  plastique.  11  est  alors 
necessaire  de  determiner  par  calcul  le  comportement  elasto>plast ique  de  la  zone  critique  pour 
utiliser  les  resultats  d'essais  sur  eprouvettes  lisses.  Cependant,  pr inc i pa lement  du  fait 
de  la  modification  des  caracterist iques  du  materiau  au  cours  des  cycles,  il  n'est  pas 
possible  d' imposer  a 1 'eprouvette  a la  fois  une  loi  de  contrainte  et  une  loi  de  deformation. 

Sur  piece  reelle  les  zones  plastiques  sont  tres  localisees. 

L'ensemble  de  la  piece  travaille  dans  le  domaine  elastique  et  impose  son  deplacement  a la 
zone  plasti  que.  Le  parametre  le  plus  realists  pour  etablir  la  comparaison  avec  1 'eprouvette 
est  done  la  deformation. 

3*1.2.  Transposition  des  resultats  obtenus  sur  eprouvette  a une  piece  reelle. 

L'utilisat ion  de  resultats  de  fatigue  obtenus  sur  eprouvettes  lisses  demande  la 
determination  du  cycle  de  deformation  des  points  critiques.  La  theorie  de  NEUBER  permet  de 
determiner  simplement  la  contrainte  et  la  deformation  apres  plasti ficat ion  dans  les  zones  a 
fort  gradient  de  contrainte. 

Sur  la  planche  5»  nous  pouvons  voir  1 ' appl icat ion  de  cette  methode  a une  plaque  percee 

d'un  trou.  Au  point  A situe  a distance  du  trou,  la  contrainte  varie  entre  0 et(TA. 

A la  premiere  mise  en  charge  la  contrainte  reelle  au  point  B est  determinee  par  1 ' intersect  ion 

de  la  courbe  d ' ecrou  i ssage  du  materiau  et  l'hyperbole  de  NEUBER  passant  par  le  point((T^  , £.  ^ ) 
determine  par  le  calcul  elastique. 

Pour  determiner  le  cycle  stabilise  du  materiau  il  est  necessaire  d'utiliser  une  courbe 
d'ecrouissage  cyclique.  Au  dechargement , la  variation  de  deformation  elastique  imposee  au 
point  B,  est  l'opposee  de  la  prEcedente.  Dans  le  cas  ou  cette  variation  est  suffisante  pour 
que  le  point  minimum  depasse  la  limite  Elastique  de  compression,  ce  point  peut  Etre  obtenu 
par  une  construction  analogue  en  compression,  apres  avoir  dEcale  l'origine  du  diagramme. 

A partir  des  valeurs  de  deformation  ainsi  definies,  il  est  alors  possible  de  determiner, 
par  comparaison  aux  resultats  d'essais  sur  Eprouvettes,  le  nombre  de  cycles  entrainant 
l'initiation  d'une  crique  de  fatigue  sous  un  chargement  simple. 


Au  cours  d'un  vol  type,  le»  contra intes  en  un  point  du  disque  n'evoluent  pas  suivant 
un  cycle  simple.  Le  vol  type  prosente  sur  la  planche  1 fait  apparaitre,  par  exemple,  un  cycle 
secondaire  dO  a la  remise  des  yaz  au  moment  de  1' inversion  de  poussee.  11  faut  done  decomposer 
le  vol  type  en  plusieurs  cycles  simples  et  evaluer  le  nonbre  de  cycles  susceptibles  de 
provoquer  une  crique  pour  chaque  cycle  elementaire. 

Le  nonbre  de  cycles  de  vol  est  determine  par  cumul  lineaire  des  endommayement s (loi  de  MINER). 
On  peut  aussi  pour  un  meme  vol  type  etudier  des  conditions  exterieures  differentes,  qui  se 
traduisent  par  des  cycles  de  contrainte  differents.  Nous  appliquerons  la  m£me  regie  de  cumul 
des  endommayement s . 


Dans  un  disque  la  plupart  des  points  critiques  sont  soumis  a une  contrainte  "utiiaxiale" 
ils  sont  tou jours  sur  une  face  externe,  et  en  general  a 1 ' intersection  avec  un  trou  ou  un 
alveole.  Cependant  au  milieu  de  l'alesaye  d'un  disque  epais,  on  peut  trouver  la  combinaison 
d'une  contrainte  c irconf erent iel le  elevee  et  d'une  contrainte  axiale  de  compression.  De  meme 
dans  le  rayon  de  raccorderaent  d'un  bossaye  avec  la  toile  du  disque,  la  matiere  est  soumise 
a un  champ  de  contrainte  b i dimens ionne 1 le . Les  essais  sous  contrainte  biaxial**  etant 
complexes  et  couteux,  il  est  necessaire  d'utiliser  les  resultats  d'essais  monod i mens ionne 1 s 
en  determinant  une  contrainte  equivalente  (VON  MISES,  JOSHI). 

Les  essais  sur  eprouvettes  sont  effectues  a differents  niveaux  de  temperature,  mais  dans  la 
majorite  des  cas,  la  temperature  est  maintenue  constante. 

Sur  un  disque  de  turbine,  au  cours  de  chaque  essai,  les  variations  de  temperature 
peuvent  etre  importantes.  On  se  contente  en  general  de  prendre  en  compte  la  temperature 
maximale,  ce  qui  constitue  une  securite.  On  pourrait  imayiner  un  essai  sur  eprouvette  avec 
cyclage  simultane  de  la  temperature  et  de  la  contrainte  ou  de  la  deformation.  Cette  caracte- 
risation  tres  lourde  aurait  1 ' inconvenient  de  n'etre  valable  que  pour  une  forme  de  solici- 
tation part icul iere . 

3*2.  Determination  de  la  vitesse  de  progression  d'une  crique  : 

II  est  necessaire  de  garantir  qu'un  defaut  de  fabrication  ou  une  crique  initiee  en  fonction- 
nement  seront  detectes  avant  d'atteindre  une  taille  critique.  La  periodicite  des  controles  est 
determinee  par  le  nombre  de  vols  qui  provoquerait  la  croissance  d'un  defaut,  du  seuil  de  detection 
jusqu'a  la  taille  admissible. 


Le  materiau  est  caracterise  sur  eprouvettes  A.S.T.M.  sollicitees  en  mode  1,  e'est  a dire  que 
la  flexion  de  l'eprouvette  provoque  l'ouverture  de  la  crique.  L ' explo i tat  ion  de  ces  essais  permet 
de  tracer  des  courbes  reliant  la  vitesse  d'evolution  de  la  crique  a l'amplitude  de  variation  du 
facteur  d'intensite  de  contrainte.  Ce  facteur  depend  de  la  contrainte,  de  la  taille  du  defaut  et 
de  la  geometrie  de  la  piece. 

Les  deux  parametres  importants  sont  les  valeurs  KQ  en  dessous  de  laquelle  la  crique  ne  progresse 
pas  et  K_  qui  est  le  seuil  de  propagation  brutale. 

Le  calcul  du  facteur  d'intensite  de  contrainte  peut  £tre  effectue  par  elements  finis  ou  par 
equations  integrales.  Des  etudes  sont  actuellement  en  cours  pour  mettre  au  point  une  methode 
exper imentale  utilisant  la  photoelast ic i te • 


La  planche  6 donne  1 'exemple  d'une  determination  par  elements  finis.  L'exemple  etudie  est 
celui  d'une  crique  dans  une  dent  de  disque. 

La  crique  A est  schematisee  par  une  ligne  de  noeuds  doubles  qui  sont  progressi vement  separes. 

Le  facteur  d'intensite  de  contrainte  est  calcule  a partir  de  la  variation  du  travail  des  efforts 
exterieurs  dfle  a un  accroi ssement  de  la  crique. 


avec  E = module  d' YOUNG 

% \J a travail  des  efforts  exterieurs 
£ S a augmentation  de  la  section  de  la  crique 

Ce  calcul  fournit  done  une  relation  entre  la  longueur  de  la  crique  et  le  facteur  d'intensite 
de  contrainte  K.  Pour  une  longueur  de  crique  et  une  geometrie  donnees,  le  facteur  K est  proportion- 
nel  a la  contrainte. 

Son  amplitude  de  variation  (AK)  determine  la  vitesse  de  progression  de  la  crique.  Par 
integration  on  obtient  1 'evolution  de  la  longueur  de  la  crique  en  fonction  du  nombre  de  cycles. 

Ce  resultat  eat  transcrit  sur  la  planche  7 qui  donne  le  nombre  de  cycles  autorises  en 
fonction  de  la  longueur  de  la  crique. 

Le  probleme  se  complique  de  la  m&me  faqon  que  pour  1' initiation  lorsque  les  cycles  sont 
complexes  et  surtout  lorsque  la  temperature  varie  au  cours  du  cycle  : on  additionne  les  vitesses 
de  progression  correspondent  a chaque  cycle  elementaire  et  on  prend  en  compte  la  temperature 

maximale. 


L'appl icstion  presentee  ci-dessus  porte  sur  une  crique  traversante.  Dans  les  parties  massives 
du  disque  telles  jante  et  alesage,  le  front  de  progression  d'une  crique  a une  forme  elliptique. 

En  principe  la  m6me  methode  de  calcul  peut  &tre  appliquee,  mais  il  faut  determiner  l'energie  liee 
k la  progression  de  la  crique  par  un  calcul  tr idimensionnel • 

A chaque  pas  de  temps  la  repartition  des  vitesses  de  progression  le  long  du  front  de  crique  est 
calculee  en  minimisant  l'energie  necessaire  par  unite  de  surface  suppiementaire  criquee.  Ce  calcul 
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est  tres  lourd  et , au  niveau  dimonsioimemmit,  lea  seules  approchea  possibles  aont  :le  calcul 
en  crique  traveraante  ou  1 ' appl  ica  t ion  de  formulea  empiriquea  loraque  la  geometric  et  le  champ 
de  contrainte  ne  aont  pas  trop  complexes. 


4.  PKECAUT IONS  PKISES  POUR  G A RANT  1 H LA  FI  AH  I LITE  DE  LA  PREVISION 

Pour  garantir  une  bcnne  fiabilite  a la  prevision  il  est  nece»»aire  d'agir  a la  fois  sur  la 
methode  de  prevision  et  sur  la  Constance  des  carac t er i a t iques  des  pieces  moteur.  Une  procedure 
statistique  de  conduite  et  de  dcpou i 1 1 ement  des  esaais  sur  eprouvettes  a etc  mise  en  place, 
elle  a pour  but  s 

- d * une  part  de  fournir  les  carac ter i at iques  minimales  du  matoriau. 

- d'autre  part  d'affecter  a chaque  courbe  une  categorie  qui  donne  a X ' ut i 1 i sateur  le  degre  de 
conf iance . 

Des  regies  precises  fixent  la  categorie  de  courbe  a utiliaer  en  fonction  de  l'avancement  de 
l'etude  du  moteur.  La  geometric  de  la  piece  eat  definie  par  le  plan.  La  hierarchisation  des  cotes 
permet  de  mettre  en  evidence  les  cotea  critiques  de  la  piece.  Le  non  respect  de  ces  cotes  entraine 
le  rebut  de  la  piece  • 

De  nombreux  facteurs  interviennent  sur  les  carac terist iques  finales  de  la  piece  : matiere  de 
base  du  lingot,  condition  de  forgeage,  de  traitements  thermiques,  d'usinage,  de  traitements  de 
surface  ou  de  finition. 

II  est  prevu,  au  depart,  des  dissections  detaillees  des  pieces  principales  puis,  sur  pieces 
usinees,  des  essais  de  fatigue  en  fosse  de  survitease. 

Ensuite,  en  production,  on  execute  des  controles  sur  les  materiaux  de  base, des  essais  sur  eprouvet- 
tes attenantes  et  des  dissections  par  sondages  en  nombre  limite. 

La  stability  de  la  qualite  est  essent iel lement  assuree  par  le  figeage  du  processus  de  fabri- 
cation. 

En  particulier  pour  les  pieces  importantes  des  materiels  civils,  les  autorites  de  certification 
exigent  la  redaction  de  "methodes  de  fabrication  deposees"  qui  ne  peuvent  etre  modifiees  sans 
accord. 

Pour  les  pieces  critiques,  tout  l'historique  de  fabrication  est  repertorie  et  le  constructeur 
est  capable  de  remonter  jusqu'au  lot  de  matiere  d'origine  et  la  position  de  la  piece  dans  la 
barre • 

5.  CONCLUSIONS 

Les  construe teurs  ont  beaucoup  progresse  dans  la  connaissance  des  carac ter ist iques  des  materiaux. 
Bien  qu'il  soit  encore  difficile  de  determiner  de  fa<;on  precise  la  duree  de  vie  des  pieces  a partir 
des  esaais  en  laboratoire,  les  progres  realises  ont  permis  une  amelioration  dans  la  prevision  du 
comportement  de  celles-ci*  Neanmoins,  les  essais  partiels  sur  pieces  reelles,  avec  simulation  des 
conditions  de  fonct ionnement  moteur,  les  essais  moteur  au  banc  sol  et  altitude,  puis  les  heures 
de  fonctionnement  en  utilisation  resteront  necessaires  pour  connaftre  de  fa^on  exacte  les  durees 
de  vie  reelles  des  pieces  et  garantir  la  securite. 

L' amelioration  de  la  prevision  par  calcul  se  traduit  par  un  allegement  des  modifications 
necessaires  en  developpement , done  un  gain  en  codt  et  en  delai. 
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DISCUSSION 


M. Holmes,  UK 

How  do  you  take  into  account  the  difference  between  stress  gradient  and  the  volume  of  material  surrounding  a 
notch  when  relating  the  fatigue  behaviour  of  a specimen  to  an  aero  engine  component, 


Kepon.se  d’Auteur 

Au  niveau  du  dimensionnement  d’une  piece,  il  est  difficile  de  determiner  pricisement  I'influence  de  gradients  de 
contrainte  et  I’influence  de  I'etat  d’ecrouissage  en  surface  de  la  inatiere. 


C’est  pourquoi,  nous  proposons  d'utiliser  une  caracterisation  en  fatigue  sur  eprouvettes  lisses  a I’etat  rectifie.  C’es 
eprouvettes  ont  I’avantage  de  fournir  des  resultats  reproductibles  (alors  que  I’usinage  dVprouvettes  entaillees  est 
difficilement  controlable)  et  de  donner  une  prevision. 


B.L.Koff.  US 

The  modified  Neuber  analysis  has  been  proven  to  be  inaccurate  based  on  test  results  have  you  verified  the  analysis 
based  on  this  theory? 

Reponse  d'Auteur 

Les  calculs  elastoplastiques  en  fond  d’alveole  ont  montre  que  I’hypothese  de  Neuber  permet  de  rendre  compte,  de 
fus'on  simple,  du  phenomene  de  plastification  avec  une  bonne  approximation. 


B.L.Koff.  US 

You  show  crack  progression  calculations  for  disks  but  you  do  not  show  how  these  calculations  cofelate  with  t st 
data  on  bars  or  disk  specimens. 

Reponse  d'Auteur 

Le  calcul  de  progression  de  crique  que  j’ai  expose  est  un  calcul  bidimensionnel  qui  suppose  que  la  Clique  est  traver- 
sante.  Dans  ces  conditions,  nous  avons  verifie  que  la  methode  de  calcul  de  K donne  les  menu-  resultats  que  les 
formules  classiques.  La  comparison  d’un  calcul  tridimensionnel  avec  des  resultats  d’essais  sur  disque  n’a  pas  encore 
et<5  effectuee. 
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SUMMARY 

The  interpretation  of  the  stresses  obtained  by  a finite  element  model  is  not  always  a simple  operation, 
especially,  when  crude  meshes  are  used  in  three  dimensional  structures. 

The  paper  compares  first  the  classical  methods  based  on  the  computation  of  local  stresses  at  various 
points  like  the  vertices  of  the  elements  or  the  Gaussian  points.  An  alternative  Interpretation  of  the 
stresses  can  be  based  on  the  definition  of  energy  conjugate  stresses  that  have  the  nature  of  weighted 
average  of  the  stresses.  A third  possibility  Is  offered  which  Is  rather  new.  It  Is  based  on  the  definition 
of  connecting  forces  that  have  a direct  and  simple  Interpretation  In  terms  of  surface  tractions.  The  cor- 
responding finite  elements  have  been  named  " delinquent  " elements  as  they  are  in  fact  displacement  elements 
which  use  some  of  the  connection  modes  of  stress  equilibrium  elenents. 

It  is  shown  on  examples  that  none  of  the  three  Interpretation  techniques  Is  in  itself  conpletely  satis- 
factory in  every  situations,  but  that  the  combined  use  of  them  allows  a much  better  caption  of  the  state 
of  stress. 


1.  INTRODUCTION 

In  the  finite  element  method,  the  full  continuity  of  stress  tensor  components  is  never  necessary  to 
ensure  convergence  of  the  solution.  Both  In  displacement  and  equilibrium  models,  the  stresses  are  discon- 
tinuous between  adjacent  elements. 

Consequently  the  stress  Interpretation  Is  such  more  difficult  than  the  displacement  Interpretation. 
The  first  part  of  this  paper  deals  with  simple  examples  which  show  the  type  of  difficulty  that  can  be 
encountered  In  some  particular  situations.  In  the  second  part  the  new  procedure  of  stress  computation 
based  on  the  energy  conjugate  stresses  Is  presented.  In  the  third  part  the  convergence  properties  of 
energy  conjugate  stresses  and  forces  are  analysed  and  illustrated  In  a practical  example. 

Finally  It  Is  shown  that,  using  delinquent  models,a  good  choice  of  the  interface  connectors  can  also  help 
to  the  stress  interpretation. 

2.  SOME  EXAMPLES  OF  DIFFICULTIES  OF  STRESS  INTERPRETATION 


2.1.  Displacement  models 


In  a finite  element  displacement  model,  the  local  stresses  o are  obtained  directly  from  the  strains 
e by  the  relation 

o - H e (1) 


where  H is  the  symmetric  matrix  of  elastic  coefficients  and  where  strains  are  simply  derived  from  the 
displacement  field  u.  With  classical  finite  element  models  practical  experience  shows  that  It  Is  sometimes 
difficult  to  get  a satisfactory  Interpretation  of  this  type  of  stress  output.  The  exanples  chosen  to  show 
the  behaviour  of  the  local  stresses  are  very  simple  but  representative  of  some  practical  problem  of  struc- 
tural analysis  in  which  membrane  elements  are  working  in  spar  or  beam  configuration. 

The  first  example  consists  In  a cantilever  beam,  build  In  at  one  extremity  and  uniforroely  transversaly 
loaded  at  the  other  one  (flg.l)  . The  structure  is  Idealized  by  one  single  element.  First  we  use  the  well 
known  Isoparametric  eight  nodes quadr Uateral  element  of  serendipity  type  (11. 

Whilst  the  results  for  deflections  and  axial  stresses  are  excellent,  the  shear  stresses  show  a parabolic 
"variation"  which  provides  an  extremely  poor  representation  of  the  actual  stresses.  Table  1 give  the  values 
of  the  shear  stress  at  the  Integration  points  of  the  3x3  Gauss  rule,  needed  to  obtain  the  exact  Integration 
of  the  stiffness  matrix  of  the  model. 


Numbering  of  integration 
points 

2 

3 

i 

isa 

.51 

1.44 

2 

.45 

1.38 

3 

■SB 

.51 

1.44 

TABLE  1.  Shear  stress  at  integration  points  of  3x3  Gauss  rule 


The  9 local  values  are  sufficient  to  compute  the  shear  load  evolution  along  the  beam.  Tills  leads  to  the 
representation  of  figure  1,  which  evidently  has  very  little  physical  meaning.  It  can  be  shown  that  the 
difference  between  the  maximum  and  minimum  values  of  the  shear  load,  taken  over  the  length  of  the  element 
la  given  by  U ♦ U, 


- T. 


min 


2 Gt  (U„ 


-) 


(2) 


where  Um  la  the  horizontal  displacement  of  the  superior  midedge,  U^,  U-  the  displacements  of  the  correspon- 
ding vertices, G,  the  shear  modulus  and  t the  thickness  of  the  beam,  lt^ls  Interesting  to  note  that  the 
exact  value  of  the  shear  stress  Is  obtained  at  the  2x2  Gauss  points  | 21  , and  that  the  average  of  the  shear 
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load  over  the  element  remalns,as  expected,  equal  to  the  applied  load. 

Similar  results  can  be  bound  In  1 1 land  I 3 I . In  this  last  reference,  the  same  behaviour  Is  observed  In 
a box  beam  analysts  for  rectangular  elements  and  for  quadrilaterals  formed  by  A triangles  (fig.  2). 

The  ang>lltude  of  shear  loads  oscillations  decreases  when  the  number  of  elements  grows  but,  even  for  the 
finer  mesh  sizes,  remains  troublesome  (fig.  A). 

The  preceding  examples  suggest  that  with  these  elements  the  stresses  or  similar  quantities  should  never 
be  calculated  at  nodes  by  averaging  local  values  obtained  at  the  vertices  of  the  adjacent  elements,  but 
fortunately  this  type  of  discrepancy  which  can  occur  with  many  finite  element  displacement  models  is  not 
so  large  In  all  the  cases, 

2.2.  Equilibrium  models 

The  difficulties  encountered  In  the  Interpretation  of  the  stress  output  using  displacement  models  are 
not  too  surprising  because  the  discretization  of  these  models  is  made  on  the  displacement  field. 
Theoretically  the  equilibrium  models  should  give  much  better  stress  results  because  they  are  based  on  the 
discretization  of  the  stress  field.  In  these  models  the  Internal  equilibrium  equations  and  the  boundary 
conditions  related  to  surface  tractions  are  satisfied  a priori  . Unfortunately  the  continuity  of  stresses 
between  elements  Is  ensured  only  for  the  surface  tractions  modes  and  in  practical  applications,  there  can 
exist  Important  discontinuity  between  the  stress  tensor  components. 

The  same  problem  of  the  cantilever  beam  Is  analysed  with  the  quadrilateral  equilibrium  element  I A ) , 

The  stress  field  Is  assumed  to  vary  linearly  In  each  triangle  const itulng  the  element.  The  results  are 
given  on  figure  A. a for  the  stress  components  a , o , t .It  can  be  observed  that  the  boundary  conditions 
are  perfectly  satisfied  . Any  computation  for  tfie  sKearx¥oad  from  the  local  values  glvesalso  the  correct 
result. At  the  nodes,  the  stress  components  suffer  important  discontinuities  and  a nodal  stress  average  will 
give  the  very  bad  results  of  figure  A b. 


When  the  mesh  Is  refined  the  d lscon t Inut ies  decrease  but  as  for  displacement  models  a crude  averaging 
procedure  at  the  nodes  of  the  structure  can  give  very  bad  results  and  loss  the  main  advantage  of  the 
equilibrium  models  which  should  be  able  to  give  exact  surface  traction  modes  at  the  boundaries. 

3.  TUE  NEW  APPROACH  OF  THE  ENERGY  CONJUGATE  STRESSES 


3.1.  Displacement  models 

These  models  are  derived  by  application  of  the  minimum  total  energy  principle 

6(U  + P)  - 6(j  I c'  He  dvol  - f t'  u dS)  - 0 
vol  JSt 

where  U Is  the  strain  energy 

P Is  the  potential  energy  (In  which  the  body  forces  are  not  considered  here) 
e Is  the  column  vector  of  the  strain  components 
H Is  a symmetric  matrlce  of  elastic  coefficients 
t Is  the  column  vector  of  surface  tractions  on  St 
u Is  the  displacement  vector 

St  is  the  part  of  the  boundary  where  surface  tractions  are  prescribed. 

The  prime  denotes  transposition  and  the  bar  prescribed  values. 

The  displacement  field  in  the  finite  element  Is  discretized  In  the  form 
u » W(x)  q 


(3) 


(A) 


where  W Is  the  matrix  of  assumed  shape  functions.  The  column  vector  of  the  strain  tensor  components  Is 
then  expressed  in  terms  of  general izad  displacements  by 

c " 1 Wq  • 1 q (5) 


and  the  strain  energy  becomes 

U - -J  J q'B'HBq  dvol  ” -j  q'  K q (6) 

' vol 

where  K Is  the  stiffness  matrix  of  the  element. 

Introducing  the  new  parameters  of  the  deiormatlon  modes,  a,  the  strains  can  be  defined  as  follows 

c • M(x)  a (7) 

As  the  principle  may  be  applied  only  If  the  displacement  field  satisfies  a priori  the  compatibility 
conditions  tjj  ■ Dj  Uj  or  In  matrix  form  c"  Du  , In  the  volume,  the  expression  (7)  roust  be  Identical 

to  (3)  and  the  parameters  a are  related  to  the  generalized  displacement  q by 

a - C'  q (8) 

So  the  strain  energy  can  be  written  as 

U - j f a’  M’  H M a dvol  > ji’  la.  (9) 

I vol 

This  expression  differs  from  (6)  only  by  the  choice  of  the  parameters  and  the  fact  that  the  parameters 
a do  not  Include  the  rigid  body  modes  of  the  model.  When  using  the  mlninum  total  energy  principle,  the 
stresses  are  only  defined  by  „ 

a » — . 

3c 


(10) 


"" 
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With  the  dlscret  Izatlon  adopted,  the  stress  field  Is  described  by  s set  of  parameters  b 


. 3U 

b - — - 
3a 


I a 


f 


M'  o dvol 


1 vol 


(11) 


which  are  weighted  averages  of  the  stresses  and  yield  therefore  only  a "weak"  knowledge  of  the  stress 
state  In  the  element.  The  matrix  b contains  the  so-called  energy  conjugate  stresses. 


It  Is  lng>ortant  to  remark  here  that  the  local  values  of  the  stresses  defined  by  (1)  don't  satisfy 
the  equilibrium  equations.  As  shown  In  the  following  the  minimum  total  energy  principle  ensures  only 
equilibrium  In  the  mean  sense  for  the  weighted  averages  b,  to  which  the  local  stresses  are  only  related 
by  the  Integrated  relations  (ll). 


In  the  absence  of  body  forces,  the  virtual  work  (V.W.)  consists  only  In  the  work  done  by  the  prescribed 
surface  tractions: 

r _ f 

V.W.  - I u'  t dS  ■ I q'  W*  t dS  - q'  g.  (12) 

Jst  JSt 

It  allows  to  define  the  generalized  forces 

g - I W'  t dS  (13) 

JSt 

conjugate  to  the  displacement  modes  q. 

Alternatively  the  V.W.  furnishes  also  the  relation  between  energy  conjugate  stresses  and  generalized  forces 
by  (8)  and  (11) 

g’  q - b'  a - b'  C'q,  (14) 

so  that 

g - C b.  (15) 

Expressed  In  terms  of  weighted  averages  It  gives  by  (13)  and  (11),  the  equilibrium  relations  between 
stresses  and  surface  traction  modes: 

W’  t dS  - C I M'  0 dvol  (16) 

^St  ^vol 

This  can  be  expressed  In  terms  of  the  generalized  dlsplacementsln  the  following  way.  By  (6)  and  (12), 
the  principle  (3)  becomes 

S (U  ♦ P)  - S(j  q'  K q - q'  g)  (17) 

and  after  variation  of  the  parameters  q,  we  obtain  the  well  known  relations 

g - K q (18) 


equivalent  to  the  equilibrium  equations  (16). 

3.2.  Equ 11 ibrlum  models 

Stress  diffusing  equilibrium  models  are  derived  by  application  of  the  minimum  complementary  energy 
principle 

«(*♦<))  - «(y  [ o'  H-1  o dvol  - I t’  u dS)  - 0 (19) 

•vol  ' Su 

where  (i  and  Q denote  respectively  the  complementary  stress  energy  and  the  potential  energy.  The  application 
of  this  principle  lng>lles  the  satisfaction  of  the  equilibrium  equations: 

Dj  Ojj  + Xj  ■ 0 In  the  volume  (20) 

tj  - tj  <Jj  t - tt  on  Su  (21) 

(l  are  the  direction  cosines  of  the  outward  normal) 

In^ the  following,  the  case  without  body  forces  only  will  be  considered  for  simplicity. 

Each  stress  component  Is  represented  by  a linear  combination  of  assumed  modes  Nj(x)  , the  intensity  of  the 
modes  being  noted  b^ 

0 - N (x)  b (22) 

These  acdes  must  be  choosen  In  such  a way  that  the  equilibrium  equations  In  the  volume  are  satisfied. 

The  complementary  strain  energy  iji  can  be  written 

* - -j  f b'  N'  h_1  Nb  dvol  ■ | b'  J b (23) 

'vol 

where  J Is  the  flexibility  matrix.  The  generalized  strains  a can  be  defined  by 

a * ■ J b “ f N'c  dvol  (24) 

'vol 

They  are  weighted  averagesof  strains  and  this  corresponds  only  to  a weak  knowledge  of  the  strain  field. 

Let  us  turn  now  to  the  equilibrium  requirements  along  the  boundary.  They  concern  only  the  Interfaces 
as  we  have  ruled  out  the  body  forces.  Using  relation  describing  the  stress  field,  the  surface  tractions 
can  be  expressed  by 


t - L a 


L N(xb)  b 


(25) 
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where  L 1*  * matrix  of  the  direction  cosines  1 and  N Is  calculated  on  the  boundary  Su.  The  surface  traction 
modes  described  by  t have  to  be  uniquely  determined  by  a set  of  generalized  forces  denoted  g.  These  can 
be  local  values  or  derivatives  or  Integrals  of  the  surface  traction  or  any  combinations  of  these  quantities 
provided  that  along  each  edge  they  define  the  surface  tractions  unlvocally.  So  It  Is  possible  to  express 
the  surface  traction  modes  In  terms  of  the  generalized  forces  and  shape  functions  V(x)  : 

t - V (x)  g.  (26) 

This  expression  Is  defined  only  on  the  boundary  of  the  element. 

Hut  the  generalized  forces  can  also  be  calculated  In  terms  of  the  stress  field  parameters 

g - C b (27) 

where  C Is  called  the  static  matrix  of  the  element.  This  relation  cannot  be  Inverted  since  the  generalized 
forces  are  a priori  not  Independent  as  they  satisfy  the  global  equilibrium  equations.  Note  that  the  stress 
Censor  has  no  unique  value  at  the  vertex.  Therefore  in  pure  equilibrium  models,  there  are  no  variables 
associated  with  a vertex  and  the  forces  g are  essentlaly  Interface  variables. 

The  virtual  work  can  be  written  alternatively 


f 

f 

v.w.  - j 

Su 

t dS 

- u’  L N b dS  « a'b 

' Su 

(28) 

v.w.  - j 

[ a’ 
Su 

V(x) 

g dS  - q'  g - q’C  b 

(29) 

where  q are  the  generalized  (average)  displacements  conjugate  to  g . From  (29) 

q - f V'  H dS  (30) 

1 Su 

Conparlson  of  the  two  expressions  yields 

a - C'  q (31) 

where  the  transpose  static  matrix  relates  the  generalized  strains  to  Che  generalized  Interface  displacements. 

From  (24),  (30)  and  (31),  we  obtain  also  the  compatibility  conditions  In  terms  of  weighted  averages. 

N't  dvol  - C'  [ V’  (x)  G dS  . (32) 

1 vol  Jsu 

This  can  also  be  expressed  In  terms  of  the  parameters  b of  the  discretized  stress  field.  By  (23)  and  (29) 
the  principle  (19)  becomes 

(jb1  Jb-b'C'q)  min  (33) 

and  after  variation  of  parameters  b.  It  yields 

J b - C'  q (34) 

equivalent  to  the  compatibility  conditions  (32). 

Finally  as  the  matrix  J Is  never  singular  the  relation  (27)  gives 

g - Cb  - CJ-1  C'  q - K q (35) 

which  Is  the  familiar  form  of  the  stiffness  matrix  for  an  equilibrium  element. 

3.3.  Practical  signification  of  the  energy  conjugate  stresses 

For  the  displacement  models,  the  relation  (11)  furnishes  the  expression  of  the  energy  conjugate  stresses, 
but  now  the  question  Is:  how  to  utilize  these  special  stresses?  II  we  examine  the  expression  (7),  we  see 
that  the  weighting  functions  of  the  stress  averages  are  nothing  else  than  the  shape  functions  of  certain 
deformation  modes  for  which  definition  Is  arbitrary  provided  they  satisfy  to  the  compatibility  conditions 
(8).  For  all  the  element8  which  pass  the  patch  test  l S 1 , a sufficient  condition  for  convergence, the 
constant  deformation  modes,  are  Included  In  the  parameters  a of  relation  (7),  Their  shape  function  will  be 
equal  to  1 and  consequently,  amongst  the  weighted  average  stresses  of  (11),  we  will  find  the  slng>le  averages 
In  the  element  of  the  stresses  or  of  linear  combinations  of  them.  In  the  simplest  models  as  linear  membrane 
triangles  the  averages  of  the  stresses  thelrself  are  the  unique  averages  we  have  at  our  disposal.  For  more 
sophisticated  models  other  averages  can  be  used  but  their  Interpretation  Is  generally  not  so  easy. 

Keeping  only  the  simple  averages  In  mind,  we  can  yet  get  some  advantages  of  the  use  of  the  energy 
conjugate  stresses.  The  comparison  with  equilibrium  models  will  be  very  easy  If  In  the  expression  (22)  of 
the  definition  of  the  discretized  stress  field  of  equilibrium  models  we  choose  also  parameters  b which  have 
the  meaning  of  average  value  In  the  element.  This  Is  also  always  possible  because  the  equilibrium  model 
must  contain  the  constant  stress  modes. 

If  we  apply  this  procedure  for  all  the  models,  we  obtain  a general  stress  output  very  easy  to  use  and 
which  Interpretation  Is  Independent  of  the  finite  element  model. 

Looking  at  the  preceedlng  example  of  Che  cantilever  beam  we  know  that  for  the  single  rectangular  element 
the  solution  Is  exact  for  stress  averages.  Comparing  now  the  results  for  an  element  cooposed  of  4 triangles 
we  observe  a good  agreement  between  the  solutions  obtained  for  equilibrium  and  displacement  elements 

(fig.  5)  If  we  take  Into  account  the  fact  that  the  energy  differs  from  about  10Z  due  to  the  crude  mesh.  . 

For  the  same  problem,  table  (2)  gives  other  comparison  of  the  quality  of  the  stress  output  for  a 4x4  regular 
mesh  using  quadrilateral  equilibrium  and  displacement  elements.  Here  the  two  solutions  for  shear  stresses 
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are  very  close  while  the  energies  differ  from  about  1Z. 


N.  x 

v 

h 

1 

8 

n 

5 

8 

7 

8 

7 

.63 

.62 

.63 

equ i 1 ibrium 

8 

.63 

.62 

.63 

displacement 

5 

1.23 

1.37 

1.38 

1.37 

equ il ibrium 

8 

1.19 

1.37 

1.38 

1.37 

d isplacement 

1 


TABLE  2 : Comparison  of  the  shear  stress  averages  in  the  cantilever  beam 
for  displacement  and  equilibrium  elements. 

Before  to  analyse  with  more  detail  the  properties  of  the  complete  set  of  energy  conjugate  stresses,  we  can 
make  some  observations  on  the  simple  stress  averages. 

First  their  definition  is  very  general  and  allows  to  use  the  same  procedure  for  all  the  types  of 
elements.  Secondly  , their  computation  will  be  very  cheap  because  they  form  a subproduct  of  the  computation 
of  the  stiffness  matrix.  Thirdly  they  satisfy  always  the  equilibrium  equations  in  the  mean  sense  of 
relation  (16). 

However  some  difficulties  remain  unsolved;  first  we  cannot  get  any  information  at  the  boundary  of  the 
element  and  secondly,  as  the  interpretation  of  higher  order  conjugate  stresses  is  more  difficult,  only  the 
simple  averages  are  of  direct  use.  The  corresponding  information  given  per  element  is  quite  limited 
although  it  must  be  noted  that  in  a great  number  of  practical  problems  it  gives  a sufficient  picture  of 
the  stresses. 

4.  PROPERTIES  OF  THE  ENERGY  CONJUGATE  STRESSES 
4.1.  Convergence  properties 


The  problem  of  convergence  in  finite  element  method  requires  some  mathematical  means  and  is  generally 
presented  in  the  context  of  functional  analysis  l 6 1 . Here  we  will  limit  us  to  give  only  intuitive  physical 
argument  which  show  that  some  quantities  have  special  convergence  propert ies .To  analyse  the  convergence 
properties  of  the  energy  conjugate  stresses  the  following  argument  can  be  used  . Let  us  assume  that,  for 
an  element,  the  approximate  solution  coincides  with  the  exact  solution  at  the  points  were  generalized 
displacement  are  defined  as  shown  in  figure  6 for  a quadrilateral  quadratic  element  . 

In  this  element  the  only  approximation  will  come  from  the  shape  functions  W(x)  of  the  generalized  displace- 
ments defined  in  (4).  The  equilibrium  equation  are  satisfied  uniquely  in  the  mean  sense  of  equations  (15) 
and  (16).  These  relations  show  that  the  convergence  properties  will  be  the  same  for  the  generalized  forces 
g and  the  energy  conjugate  stresses  b. 

If  we  write  now  the  virtual  work  principle 


exact 


g q 


exact 


(36) 


V.W.  - t'  u dS  - | t'  W(x)  dS  q 

*st  'st 

we  see  that  the  convergence  in  energy  is  related  only  to  the  convergence  of  the  generalized  forces  g, 
and  by  relation  (15)  to  the  convergence  of  the  parameters  b • Consequently  we  can  expect  that  the  g and 
quantities  will  always  converge  very  well. 


4.2.  Numerical  example  of  the  convergence. 


It  was  shown  in  S 3.3.  that  if  we  limit  us  to  the  simplest  energy  conjugate  stresses,  i.e.  the 
averages  in  the  elements,  it  is  possible  to  define  exactly  the  same  quantities  when  discretizing  an 
equilibrium  model.  To  analyse  the  convergence  properties  of  parameters  b,  it  is  then  possible  to  compare 
them  in  a dual  analysis  using  exactly  the  same  mesh  for  displacement  and  equilibrium  models.  So  full 
advantage  will  be  taken  of  the  utilization  of  energy  conjugate  stresse.  For  instance  for  both  analyses 
exactly  the  same  stress  output  will  be  obtained. 


The  example  choosen  comes  from  industrial  study.  It  consists  in  a rocket  motor  case,  for  which 
axisymme tr leal  idealization  can  be  used.The  complete  structure,  shown  on  fig.  7 , has  three  different 
material  properties.  In  the  first  part,  denoted  composite  material,  we  have  anisotropic  material.  The 
second  part,  denoted  rubber  joint,  ensures  the  bounding  between  the  vessel  and  the  polar  boss  . 

The  third  part  is  made  of  aluminium  alloy.  For  the  linear  analysis,  the  displacement  model  used  is  the 
isoparametric  quadrilateral  eight  modes  element  ( l]  , and  the  equilibrium  model  used  is  a linear  stress 
field  quadrilateral  element  (7  ].  We  known  that  the  displacement  and  the  equilibrium  analyses  give 
respectively  a lower  and  an  upper  bound  to  the  exact  solution  [8  ) . With  the  discretization  choosen 
the  gap  between  potential  energy  is  only  of  0.48Z  • 


The  principal  stresses  are  given  in  figure  8 for  the  polar  boss.  The  differences  observed  between 
the  two  analyses  are  always  of  the  order  of  0.5Z  and  it  is  impossible  to  distinguish  them  in  a graphic 
output  as  in  fig.  8. 

The  hoop  stresses  also  are  in  very  good  agreement,  but  it  is  more  difficult  to  visualize  them  element 
by  element.  The  unique  maner  to  visualize  scalar  quantities  is  to  compute  iso-curves  (fig. 9).  So  it  is 
necessary  to  introduce  interpolation  formula  which  can  alterate  the  initial  results.  However  these 
Interpolation  formula  can  be  very  general  because  all  types  of  elements  give  the  same  type  of  output. 
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In  conclusion  the  dual  analysis  provides  now  a good  procedure  not  only  to  compare  energy  or  displacement 
results  but  also  stress  results.  It  Is  obvious  that  the  dual  analysis  cannot  be  used  for  each  analysis 
but  it  allows  to  qualify  a mesh  or  a model lzat Ion  for  a particular  class  of  problems. 

4.3.  Relation  between  energy  conjugate  stresses  and  other  particular  stresses. 


In  the  very  simple  example  of  a quadratic  bar,  the  Integration  of  the  stiffness  matrix  can  be  achieved 
exactly  by  using  a 2 Gauss  Point  Integration  rule.  This  element  possesses  also  two  energy  conjugate  stresses. 
The  associated  weighting  functions  are  a linear  and  a constant  functions: 


b 


1 


o dx 


b^  - lx  o dx  . 


(37) 


If  we  write  these  lntegralsln  the  form  of  numerical  Integration  the  expression  becomes 


bl  “ °1  G1  + °2  G2 
b2  " °1  X1  G1  + °2  x2  G2 


(38) 


where  and  G_  are  the  whelghts  associate  to  the  Gauss  points.  In  this  particular  case  there  exists 
an  unlvocal  relation  between  the  parameters  b and  the  special  values  of  the  stresses  at  the  Gauss  points. 
Thus  these  values  form  simply  a change  of  base  for  the  definitions  of  the  parameters  b and  It  Is  not 
surprising  that  these  particular  local  values  converge  very  well  [9  ] . 

If  we  examine  the  case  of  the  isoparametric  right  nodes  quadrilateral  element  of  serendipity  type  ( 1 ] 
where  sub  integration  is  used,  we  can  make  the  same  type  of  observation.  This  element  possesses  16 
degrees  of  freedom  and  therefore  13  Independent  strain  parameters  . It  Is  observed  that  when  2x2  Gauss 
rule  Is  used  for  Integration  a klnematlcal  mode  Is  appearing  which  means  that  the  Integration  losses 
1 term  In  the  rigidity  . From  relation  (11)  this  can  be  interpreted  In  the  sense  that  only  12  energy 
conjugate  stresses  are  integrated  In  an  approximate  way.  So  for  this  element,  relations  of  type  (38)  can 
also  be  written  which  relate  the  12  energy  conjugate  stresses  to  the  12  local  stresses  at  the  Integration 
points,  but  now  the  integrals  are  replaced  by  approximate  quadrature  formula. 


Thus  for  this  element,  the  12  particular  local  stress  output  form  a particular  system  of  energy 
conjugate  stresses  and  this  fact  confirms  their  property  of  super  convergence.  [2  ] , [9  ] . 


Unfortunately  this  interpretation  of  energy  conjugate  stresses  Is  not  cospletely  achieved  for  other 
elements  and  In  all  the  cases  but  It  seems  that  it  will  constitute  a very  Interesting  subject  for  further 
investigation. 

5.  INTERPRETATION  OF  THE  GENERALIZED  FORCES 


The  generalized  forces  constitute  also  a special  stress  output.  They  are  related  to  the  stresses  by 
relations  (IS)  and  (16)  and  can  be  directly  computed  from  the  displacements  by  relations  (18).  It  is 
Important  to  note  that  they  are  a natural  direct  output  of  the  computation.  A difference  with  the  stresses 
b is  that  they  are  not  independent:  they  verify  the  global  equilibrium  equations  of  the  element. 

It  Is  well  known  that  the  generalized  forces  are  very  usefull  tc  check  the  global  equilibrium  of  the 
structure  or  to  find  the  loads  which  are  transmitted  from  a substructure  to  an  other. 

However  at  the  element  level  their  Interpretation  Is  more  difficult  due  to  the  presence  of  the  comer 
loads  for  which  It  Is  l^osslble  to  separate  as  seen  In  expression  (13)  the  effects  of  the  surface  tractions 
modes  of  the  edges  adjacents  to  the  corner. 

For  elements  of  higher  degree  (2  or  more) , Interface  loads  are  present  which  come  only  from  interface 
surface  traction  contribution.  With  a mixed  formulation,  it  Is  possible  to  change  the  connector  which 
Is  the  displacement  associated  to  this  load  Into  a equilibrium  connector  which  will  provide  an  easier 
Interpretation  of  the  surface  tractions  [5]  . The  procedure  will  consist  in  building  a particular  hybrid 
model  I 10)  . 


For  this  purpose  the  principle  (3)  is  modified  by  relaxing  the  compatibility  condition  on  the  Interface 

. The  new  principle  is  written 


(if  c'  Hc  dvol 

* J vol 


u dS 


t'  <u-G)dS)min 


(39) 


The  Lagrange  multipliers  t are  easily  Identified  as  the  surface  tractions.  Now  the  discretized  fields  are 
w la  the  voliae  and  on  the  boundary  St  and  the  surface  traction  t on  the  boundary  Su. 

The  displacement  are  discretized  as  in  (4)  and  the  surface  tractions  as  in  (26),  The  principle  becomes 


g'  FH  • q dvol 


dS 


Isu 


g'  V'  (W  q - u)  dS) 


min 


(40) 


In  this  principle  the  generalized  displacements  associated  to  the  surface  tractions  modes  Introduced 

on  Su  are  defined  by  the  weighted  averages: 


»'  u dS 


(41) 


For  exalte  If  the  surface  traction  mode  Introduced  on  the  Interface  is  constant  the  conjugate  displa- 
cement wlllbe  simply  the  average  of  displacement  on  the  interface. 


When  a constant  surface  traction  mode  Is  introduced  in  an  Interface  of  quadratic  displacement  model 
It  will  only  change  the  definition  of  the  connectors.  The  local  displacement  becomes  an  average  displacement 
and  the  weighted  average  of  the  surface  traction  becomes  the  Intensity  of  the  constant  surface  traction  mode 


In  membrane  theory,  when  an  equilibrium  surface  traction  mode  of  degree  n is  defined  on  an  Interface 
the  continuity  properties  of  the  displacement  model  will  not  be  changed  if  the  displacement  field 
is  of  degree  n+2. 
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The  advantage  of  this  procedure  is  that  it  allows  to  obtain  directly  in  the  Interface  the  surface 
traction  modes  as  in  the  equilibrium  models.  On  the  separation  surface  of  two  substructures  constitut'd 
by  many  interfaces  of  displacement  models  for  which  the  interface  displacement  connectors  have  been 
transformed  in  force  connectors,  there  are  two  possibilities  of  connection  : 

- first,  to  connect  the  nodal  displacements  and  the  interface  forces.  In  this  case  the  solution  Is 
exactly  the  same  as  for  the  displacement  models  with  only  a change  in  the  interpretation  of  the  Interface 
forces  and  displacements.  The  picture  of  surface  traction  modes  will  be  given  partially  by  the  Interface 
connectors  and  partially  by  the  forces  conjugated  to  the  nodal  displacements. 

- secondly,  to  connect  only  the  Interface  forces.  In  this  case  the  separation  surface  between  the  two 
substructures  will  behave  exactly  as  in  equilibrium  models.  The  picture  of  surface  traction  modes  will  then 
be  obtained  directly. 

Tills  last  procedure  will  provide  the  best  Information  on  stresses  along  choosen  boundaries  and  complete 
so  the  information  given  by  the  energy  conjugate  stresses  inside  the  elements. 

6.  CONCLUSIONS 

As  a general  procedure,  the  new  method  of  stress  interpretation  constitutes  a powerful 1 and  very  general 
tool  to  obtain  a standard  stress  output.  Its  implementation  is  very  easy  because  the  energy  conjugate 
stresses  and  the  generalized  forces  are  subproducts  of  the  coiq>utat ional  work  needed  to  obtain  the 
stiffness  matrix  of  a finite  element.  The  properties  of  these  new  stresses  confirm  the  results  of  other 
works  on  convergence  of  stresses  [21  [6  1 [91,  and  finally  the  procedure  give  a quite  satisfactory 
response  to  the  stress  interpretation  problem  inside  the  elements  and  on  the  boundaries.  The  energy 
conjugate  stresses  technique  has  been  used  since  1970  in  the  general  purpose  finite  element  program 
SAMCEF  deve lopped  at  the  university  of  Liege  [ 111  . 

7.  REFERENCES 

[ 1 1 ZIENKIEWICZ,O.C . , "The  finite  element  method','  third  edition.  Me  Graw  Hill,  1977 

[2  1 BARLOW,  J.,  "Optimal  stress  locations  in  finite  element  models",  Int.  J.  Num.  Meth.  Eng.  , 

10,  243-51,  1976 

[3  1 SANDER,  G.,  BECKERS,  P.,and  NGUYEN,  H.,  "Digital  computation  of  stresses  and  deflections  in  a 
box  beam.  A performance  comparison  between  finite  element  models  and  idealization  patterns" 
AFFDL-TR-69-4,  Wr ight-Pat terson  A.F.B.  , Dayton,  Ohio,  1969 

[4  J FRAEIJS  de  VEUBEKE,  B., "Bending  and  stretching  of  plates"  AFFDL-TR-66-80,  Wright-Pat terson 
A.F.B.  Dayton,  Ohio,  1966. 

[5  1 SANDER,  G.  and  BECKERS  P.,  "The  influence  of  the  choice  of  connectors  in  the  finite  element  method 
Int.  Jnl.  for  num.  meth.  in  Engng.,  Vol  11  , pp  1491-1505,  1977 

[6  ) ZLAMAL,  M.,  "Some  superconvergence  results  in  the  finite  element  method"  Proceedings  of  conference 

on  "mathematical  aspects  of  finite  element  methods"  Rome  1975,  S pr inger-Ver lag  1977. 

[ 7 1 BECKERS  P.  and  NYSSEN  C.,  "Linear  and  non  linear  dual  analysis  of  axisymme tr leal  structures" 
Proceedings  of  the  second conference  on  "Applied  numerical  modelling",  Madrid  1978. 

[8  J FRAEIJS  de  VEUBEKE  B.,  SANDER  G.  and  BECKERS  P.,  "Dual  analysis  by  finite  elements.  Linear  and 

non  linear  applications",  AFFDL-TR-72-93,  Wright  Patterson  A.F.B.,  Dayton  Ohio,  1972 

[9  ] STRANG,  G.  and  FIX  G.  "An  analysis  of  the  finite  element  method",  Prentice  Hall,  lo 73 

[ 10  J PIAN  T.,  "Formulations  of  finite  element  methods  for  solid  continua"  in  "Recent  advances  in  matrix 

methods  of  structural  analysis  and  design"  ed.  Gallagher,  Yamada,  Oden,  Univ.  of  Alabama  Press. 

1971. 

[ 11  J SAMCEF  manual,  LTAS  internal  report.  University  of  Liege,  1976. 


8-9 
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SUMMARY 

The  use  of  three-dimensional  finite-element  analyses  in  conjunction  with  test- 
derived  data  to  predict  the  vibratory  fatigue  life  of  turbine  blades  is  described.  Vi- 
bratory strain  measurements  are  interpreted  and  extended  using  predicted  strain  distri- 
butions from  the  finite-element  analysis.  The  statistical  nature  of  tost  data  is  con- 
sidered. Also,  some  techniques  employed  in  three-dimensional  finite-element  analyses  to 
enhance  their  use  for  stress  and  vibration  analysis  are  described.  These  techniques  in- 
clude a method  for  reduction  of  the  size  of  the  eigenvalue  problem  for  vibration  analysis 
by  a transformation  to  generalized  coordinates  derived  from  static  solutions.  An  example 
of  the  application  of  these  methods  to  a turbine-blade  analysis  is  presented. 


1.0  INTRODUCTION 

The  blades  and  vanes  of  a typical  gas  turbine  in  service  are  subjected  to  cyclic 
loading  arising  from  flow  perturbations.  Where  excitation  frequencies  are  consistent 
with  a blade  or  vane  resonance,  a potential  for  failure  exists. 

In  determining  the  suitability  of  a particular  component  for  a given  service  life, 
engine  experience  during  development  and  flight  testing  and  results  from  instrumented 
engine  tests  are  used.  Bench  testing  of  components,  material  property  tests,  and 
computer  simulation  of  stress  and  vibration  states  provide  additional  information. 
Growing  confidence  in  the  capability  of  state-of-the-art  stress  and  vibration  computer 
simulations,  particularly  when  used  in  conjunction  with  available  test  and  field  exper- 
ience, suggests  that  more  usable  data  exists  than  is  currently  being  employed. 

There  is  a need  to  rely  on  both  analytical  and  test-derived  data  for  the  prediction 
of  fatigue  lives.  This  arises  because  of  the  difficulty  in  obtaining  sufficiently  de- 
tailed strain  data  from  engine  tests  of  a blade  in  its  operating  environment  and  is  fur- 
ther complicated  by  blade-to-blade  nonconformity.  Also,  strictly  analytical  techniques 
for  the  prediction  of  the  forced  vibratory  response  of  the  blade  are  limited  by  the 
complexities  of  simulating  the  range  of  excitation  forces  which  may  act  on  the  blade. 
This  paper  discusses  some  aspects  of  both  analytical  vibration  prediction  and  the  use 
of  engine  test  data  for  vibratory  fatigue  life  prediction. 

Life  prediction  for  blades  subject  to  high-cycle  fatigue  requires  data  from  a 
number  of  sources: 

(a)  Data  from  stress  analyses  is  used  to  identify  non-alternating  strain 
components  in  the  blade.  Three-dimensional  simulations  capable  of  eval- 
uating the  effects  of  local  details,  attachments,  and  shrouds  are  needed. 

(b)  Vibratory-strain  prediction  data  is  required  to  identify  gauge  locations 
and  other  requirements  for  bench  and  engine  tests. 

(c)  Vibratory-strain  measurements  obtained  in  engine  tests  are  required  to 
provide  insight  into  the  complex  interaction  between  blade  and  environment. 

(d)  Materials  data  suitable  for  the  configuration  under  test  must  be  accumulated 
and  put  into  a format  usable  with  other  acquired  data. 

Any  assessment  of  blade  durability  must  rely  heavily  on  results  obtained  from 
engine-strain  tests.  The  methodology  currently  employed  places  emphasis  on  maximum 
strains  recorded  and  on  the  interpretation  of  resonance  implications.  An  alternative, 
in  which  the  range  of  amplitude  observed  is  considered  in  conjunction  with  vibration- 
analysis  results,  provides  a wider  base  for  durability  predictions. 

The  life  prediction  method  is  illustrated  for  a turbine  blade,  using  data  from  an 
engine-test  sequence.  For  the  most  significant  resonant  condition  observed,  a survey 
of  all  data  was  made  and  a consistent  set  of  values  was  obtained  for  nine  gauges  and  six 
points  in  time  at  which  the  resonance  occurred.  The  gauges  wore  on  different  blades  in 
differing  locations,  and  analytical  results  were  employed  to  provide  a common  footing. 


Utilizing  a strain-state  simulation  Cor  the  observed  resonance,  predicted  strains  were 
obtained  not  only  for  each  gauge  location,  but  also  for  all  nodal  points  of  the 
original  finite-element  analysis.  For  each  point  considered,  54  strain  values  were 
obtained  which  identified  the  range  of  strain  experienced  during  the  test  sequence  for 
this  particular  resonance.  The  strain  distribution  was  compared  with  a distribution  of 
material  fatigue  strengths  to  investigate  the  probability  of  failure  of  the  blade. 

A number  of  statistical  distributions  could  be  considered  in  evaluating  these  strains, 
e.g.,  Weibull,  normal,  log  normal,  etc.  For  simplicity,  a normal  distribution  is  assumed 
in  this  paper.  Similarly,  the  nature  of  the  material  strength  could  be  identified  with  a 
number  of  statistical  distributions!  again  a normal  distribution  was  assumed.  These  sim- 
plifying assumptions  do  not  degrade  the  generality  of  the  method. 


2.0  THREE-DIMENSIONAL  FINITE-ELEMENT  APPROACH 

The  approach  to  vibratory-life  prediction  discussed  herein  uses  a family  of  three- 
dimensional  finite-element  programs  developed  at  AiResearch  for  the  analysis  of  turbine- 
engine  components  (Ref.  1).  These  programs  have  been  verified  by  engine  component  tests. 

A brief  overview  of  some  features  of  the  finite-element  methods  is  presented  to  provide 
a background  for  the  life-prediction  discussion  in  Section  3.0. 

The  family  of  three-dimensional  finite-element  programs  used  in  this  study  includes 
codes  for:  model  generation  (MESH3 ) , steady-state  stress  solution  (IS03DQ) , vibration 
solution  (ISOVIB) , and  result  presentation  and  output  processing  (PROUT3 ) . Program  MESH3 
automatically  generates  nodes,  elements,  loads,  boundary  conditions,  and  other  model 
parameters  for  geometric  configurations  typical  of  certain  turbine  engine  components.  The 
steady-state  stress-analysis  program  IS03DQ  and  the  vibration  program  ISOVIB  have  a common 
finite-element  basis;  both  employ  three-dimensional  isoparametric  elements,  whic  . are 
formulated  as  solid-and  thin-shell  versions  to  allow  the  representation  of  thin  airfoils 
and  attachments  with  the  same  element  configuration. 

Since  the  prediction  of  surface  stresses  is  important  for  life  analyses,  the  stress 
and  vibration  programs  employ  the  method  of  Oden  and  Brauchli  (Ref.  2)  for  computing 
"consistent  stress  distributions"  using  conjugate  approximations.  Although  surface  stresses 
are  desired,  the  optimum  points  for  evaluating  stresses  are  within  the  element,  rather  than 
at  the  nodes  or  on  the  boundary.  The  stresses  computed  by  the  conventional  method  are  dis- 
continuous at  the  element  boundaries.  The  conjugate  stress  technique  yields  a continuous 
distribution  of  stresses  throughout  the  model.  In  the  authors'  experience,  it  also  yields 
more  accurate  stress  values  than  those  obtained  from  the  conventional  computation  or  from 
nodal  averaging  of  stresses. 

The  stress  analysis  of  a component,  such  as  a rotor  blade,  may  require  the  modeling 
of  details  such  as  attachments  and  shrouds.  This  ordinarily  leads  to  a finite-element 
model  with  a great  many  degrees-of-freedom.  Also,  the  relative  ease  of  model  generation 
using  program  MESH3  has  encouraged  the  use  of  large  finite-element  models.  For  vibration 
analysis,  these  large  models  would  lead  to  long  and  costly  solution  times  on  the  computer. 
Therefore,  the  vibration-analysis  program,  ISOVIB,  makes  use  of  a transformation  method 
to  reduce  the  number  of  degrees-of-freedom  in  the  model.  This  method  uses  displacement 
patterns  of  the  finite-element  model,  which  may  consist  of  substructures,  as  generalized 
coordinates.  Since  the  modes  of  interest  can  usually  be  represented  adequately  with  fewer 
generalized  coordinates  than  nodal  degrees-of-freedom,  a transformation  to  generalized 
coordinates  reduces  the  number  of  degrees-of-freedom  in  the  vibration  problem.  The  solu- 
tion method  employed  in  ISOVIB  is  described  in  more  detail  in  the  Appendix,  which  also 
contains  a brief  discussion  of  experimental  verification. 


3.0  LIFE  PREDICTION 

The  life-prediction  methods  discussed  in  this  paper  combine  experimentally-  and  analyt- 
ically-obtained information.  Vibratory  strain  measurements  from  engine  testing  provide 
data  from  discrete  points  on  operating  turbine  blades.  Analysis  extends  this  data  over 
the  entire  blade  to  quantify  the  total  stress  or  strain  environment.  Statistical  methods 
are  then  employed  to  furnish  high-cycle-fatigue  life  estimates. 

3.1  Information  Sources 


Steady-State  Stress  Analysis 


Steady-state  stress  analyses  were  used  to  define  centrifugal  apd  thermal  stresses  in 
the  blade.  In  practice,  this  is  probably  as  reliable  as  experimental  determination,  since 
accurate  steady-state  strain-gauge  measurements  in  the  thermal  environment  of  the  engine 
are  difficult  to  obtain.  For  this  study,  steady-state  stress  predictions  are  obtained 
from  the  finite-element  model  shown  in  Figure  1.  This  model  was  intended  to  be  used  for 
both  static  and  vibratory  stresses,  thus  a fine  grid  was  used  both  at  the  root  and  at  the 
tip  where  peak  steady-state  or  vibratory  strains  were  expected.  Figure  2 depicts  some 
results  of  this  analysis.  The  distribution  of  effective  stress  on  both  sides  of  the  blade 
is  shown  for  the  steady-state  conditions  under  which  life  is  to  be  predicted. 


Figure  1.  Turbine  Blade  Finite-  Figure  2.  Turbine  Blade  Steady-State  Effective 
Element  Model.  Stress,  kN/cm^. 

3.1.2  Vibration  Analysis 

The  finite-element  model  of  Figure  1 was  also  used  for  vibration  analysis  of  the 
blade,  utilizing  the  transformation  methods  discussed  in  the  Appendix  to  reduce  the  number 
of  degrees-of-freedom.  Figure  3 is  a Campbell  diagram  showing  the  predicted  frequencies 
of  vibration,  together  with  the  35th  order  excitation  line.  In  the  engine  tests  an  exci- 
tation was  observed  at  35E  due  to  stator  passage,  accounting  for  the  dominant  blade  vibra- 
tions observed  slightly  above  100-percent  speed.  Vibration  analysis  identified  these 
dominant  vibrations  as  being  the  seventh  natural  frequency  occurring  near  25  KHZ,  for  which 
the  normalized  mode  shape  is  shown  in  Figure  4.  Excitation  of  the  first  mode  near  100-per- 
cent speed  (5E)  and  of  the  sixth  mode  at  approximately  90-percent  speed  (35E)  was  also 
observed.  However,  since  the  measured  amplitudes  of  these  modes  were  low,  only  the  dominant 
seventh  mode  response  is  considered  in  the  following  discussion. 

3.1.3  Vibration  Test  Data 

Strain  gauges  were  employed  to  monitor  blade  vibration  frequency  and  amplitude  during 
engine  operation,  with  data  transmitted  continuously  to  magnetic-tape  recording  equipment 
through  a slip-ring  system.  Practical  limitations  (e.g.,  cost,  test  duration,  and  slip- 
ring capacity)  require  selective  placement  of  relatively  few  strain  gauges,  to  obtain  a 
maximum  of  information  with  respect  to  anticipated  vibration  modes.  These  techniques  for 
obtaining  turbine  blade  vibration  data  in  an  operating  environment  are  widely  used  in  the 
gas  turbine-engine  industry. 

Figure  5 identifies  the  strain-gauge  locations  employed  for  the  engine  test  of  a 
turbine-blade  system.  These  locations  were  selected  to  provide  information  from  as  many 
vibratory  modes  as  possible  during  the  test  cycle.  Selection  of  gauge  locations  is 
necessarily  a compromise,  since  it  is  not  known  with  certainty  prior  to  testing  which 
modes  will  be  excited  or  produce  the  highest  strains. 

During  the  engine  testing,  nine  strain  gauges  produced  usable  data.  For  each  gauge, 
the  dominant  resonance  was  observed  at  six  different  points  in  time,  corresponding  to 
various  engine  conditions  near  100-percent  speed. 

The  major  contributor  to  the  vibration  environment  was  a resonance  around  25  KHZ. 

As  indicated  in  the  spectral  analyzer  photograph  shown  in  Figure  6,  the  blade  response 
during  resonance  was  reasonably  pure,  with  little  contribution  from  other  frequencies. 

Strain  gauges  located  on  the  turbine  disk  measured  no  vibratory  strain  in  this  particular 
mode,  and  it  was  concluded  that  coupling  through  the  disk  could  be  neglected.  This  per- 
mitted the  use  of  an  analysis  model  that  did  not  include  disk  details.  The  analytically 
predicted  frequency  of  vibration  for  the  mode  (Figure  3)  correlated  well  with  the  measured 
engine  frequency.  The  holography  testing  provided  good  correlation  with  analytical  pre- 
dictions for  the  lower  modes,  as  discussed  in  the  Appendix. 

3.1.4  Combining  Analytical  and  Experimental  Vibration  Data 


The  relative-strain  distribution  in  the  vibration  mode  of  interest  may  be  determined 
from  a f ree-vibration  analysis  by  applying  the  displacements  of  the  normal i zed-mode  shape 
to  the  structural  model.  The  strain  levels  in  an  operating  blade  may  then  be  estimated  by 
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Figure  3.  Campbell  Diagram  Comparing  Measured  and  Predicted  Frequencies. 
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using  the  engine- test  data  to 
assign  a magnitude  to  the  analytical 
strain  distributions.  In  order  to 
do  this,  strain  values  (from  the 
predicted  normalized  distribution) 
consistent  with  the  strain-gauge  mea- 
surements were  computed.  This  pro- 
cedure involved  the  use  of  the 
finite-element  output  processing 
program  to  evaluate  the  strain  field 
in  the  region  of  the  gauge,  to 
transform  the  strain  field  to  corres- 
pond with  the  gauge  orientation,  and 
to  average  the  strain  over  the  region 
covered  by  the  gauge. 

The  analytical  strain  distribu- 
tion was  then  scaled  to  obtain  a 
strain  field  over  the  whole  blade 
surface  consistent  with  a particular 
strain-gauge  measurement.  Having  six 
strain  measurements  and  a predicted 
strain  distribution  for  each  of  nine 
gauges,  it  was  possible  to  calculate 
a set  of  54  scaling  factors.  Ideally, 
the  54  scale  factors  would  have  been 
identical,  providing  a simple  factor 

by  which  one  could  multiply  normalizeu-s train  predictions  to  obtain  an  estimate  of  actual- 
strain  conditions.  In  reality,  the  factors  reflect  variations  in  conditions  affecting  the 
strength  of  resonance,  and  thus  are  not  equal. 

The  variation  in  scaling  factors  for  the  nine  gauges  and  six  time  points  reflects 
several  things,  viz: 

(a)  Blade-to-blade  variations  in  dimensions,  material  properties,  temperatures, 
loading,  damping,  etc. 

(b)  Variations  in  engine  conditions  and  excitation  levels  in  the  operating 
range,  including  acceleration  rates,  pressures,  temperatures,  etc. 

(c)  Gauge  position  and  wiring  routing  influences. 

Assuming  that  the  scale  factors,  like  the  strains,  coulu  be  considered  normally 
distributed,  values  of  the  mean  and  variance  were  calculated.  Scaling  of  the  normalized- 
mode  vibratory  strains  by  these  values  furnished  predicted  mean-  and  standard-deviation 
data  which  could  be  compared  with  the  values  obtained  from  strain  measurements.  Figure  7 
compares  the  range  of  vibratory  strains  measured  at  resonance  with  the  predicted  mean 
and  standard  deviation  for  each  gauge. 

The  maximum  expected  strain  can  be  obtained  by  using  a scale  factor  exceeding  the 
mean  by  three  standard  deviations.  This  factor  was  used  to  scale  the  normalized -mode 
strain  field,  and  the  resultant  principal  strain  on  the  turbine-blade  pressure  surface 
is  plotted  in  Figure  8.  The  largest  zero-to-peak  value  on  the  blade  surface  is  predicted 
to  be  almost  1500  micro-strain,  over  four  times  the  highest  test-data  point.  This  strain 
level  was  predicted  for  a location  at  which  no  gauge  was  applied  and  thus  represented 
information  not  available  directly  from  the  test. 

3 . 2 Fatigue  Life  Estimation 

The  Goodman-diagram  approach  is  often  used  for  the  determination  of  fatigue  lives.  A 
modified  Goodman  diagram,  such  as  that  shown  in  Figure  9,  may  be  constructed  using  various 
relations  between  the  mean  and  alternating  stresses.  With  no  loss  of  generality  in 
illustrating  the  overall  method,  the  diagram  used  here  assumes  a straight  line  between  the 
ultimate  strength  and  the  endurance  limit  for  fully-reversed  stress.  In  this  example, 
the  Goodman  diagram  is  used  to  estimate  the  allowable  alternating  stress  for  a given 
cyclic  life. 

The  data  points  shown  on  the  diagram  of  Figure  9 have  been  plotted  using  alternating 
strain  data  from  the  engine  test.  The  mean  components  were  determined  from  the  steady- 
state  analysis.  Figure  9 shows  that  the  stresses  at  the  strain-gauge  locations  are  within 
the  boundary  representing  an  endurance  limit  for  the  material.  The  data  points  shown 
represent  all  the  data  available  directly  from  the  engine  test.  This  data  alone  may  not 
be  sufficient  for  life  prediction  because  of  the  difficulty  in  ascertaining  that  the 
minimum-life  region  in  the  blade  is  represented. 
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Figure  6.  Spectral  Analyzer  Photo  of  Strain 

Versus  Frequency  for  Strain  Gauge  5. 
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Strain  information  over  the  entire  blade  is  available  through  the  use  of  the 
analytical  strain  distributions  scaled  using  measured  strains.  Thus,  the  stress  state  at 
any  point  on  the  blade  may  be  represented  on  the  Goodman  diagram.  Figure  10  presents  a 
Goodman  diagram  with  stresses  determined  from  the  scaled  analytical  solution.  The  points 
shown  correspond  to  the  stresses  at  the  nodes  of  the  finite-element  model.  Using  the 
finite-element  output-processing  program,  values  of  alternating  stresses  were  obtained 
as  the  differences  between  the  Von  Mises  effective  stresses  at  the  nodes  computed  from 
the  combined  vibratory  and  mean  stresses  and  the  mean  stresses  alone.  The  diagram  of 
Figure  10  shows  that  the  stresses  at  two  points  are  outside  the  desired  fatigue  limit. 
Th6se  points  are  located  in  a region  of  high  mean  stress  near  the  airfoil  root.  Thus, 
the  expanded  strain  data  indicates  an  area  of  potential  failure  not  evident  from  the 
strain-gauge  data  alone. 

The  comparison  of  allowable  stresses  and  predicted  stresses  to  determine  the  accept- 
ability of  the  design  must  take  into  account  the  statistical  nature  of  the  applied  stress 
and  the  material  properties.  If  the  local  probability-of-failure  is  defined  as  the  pro- 
bability that  the  vibratory  stress  at  any  location  exceeds  the  allowable  alternating 
stress,  the  maximum  such  value  for  a blade  will  be  indicative  of  the  probability-of- 
failure  of  the  blade.  Typical  distributions  of  the  stress  and  the  material  allowable 
stress  are  shown  in  Figure  11. 


Figure  10.  Modified  Goodman  Diagram 
Including  Analytical 
Data. 


The  probability  that  the  stress  exceeds 
given  by: 


Figure  11.  Typical  Plot  of  Alternating 
Stress  Distribution  and 
Allowable  Stress  Distribution 
(Area  of  Overlap  Exaggerated) . 

the  allowable  value  at  resonance  is  then 


P f = f F1(o)  P2(o)  do 
• •'o 

Where  F^  is  the  density  function  for  the  alternating  blade  stress  at  any  point,  and  P2 
is  the  cummulative-probability  function  for  the  allowable  stress,  which  depends  on  the 
number  of  cycles  to  failure.  A computation  of  the  probability-of-failure  in  10^  cycles 
at  resonance  for  the  airfoil  yielded  a value  of  5 x 10"5. 

Since  this  probability  is  based  on  the  assumption  that  the  blade  is  at  resonance,  this 
value  cannot  be  directly  associated  with  failures  in  an  engine  unless  the  probability  that 
a blade  will  be  excited  in  the  engine  operating  range  is  considered.  This  probability  is 
a function  of  the  resonant-frequency  distribution  of  the  blades  and  the  frequency  bandwidth 
of  the  resonant  response. 

For  the  turbine  blade  considered  here,  an  analysis  of  the  overlap  of  a band  about 
the  maximum  excitation  frequency  (obtained  from  the  response  bandwidth)  with  the  normal 
distribution  of  the  resonant  frequencies  of  the  blades,  indicated  a potential  for  2.1  per- 
cent of  the  blades  encountering  resonance  in  the  operating  range.  The  probability  of  a 
blade  failure  in  10^  cycles  depends  on  the  probability-of-failure  at  resonance  and  the 
probability  of  resonance  occurring  in  a blade.  Since  these  probabilities  are  independent, 
their  product  is  the  probability  of  failure  of  a blade.  This  result  is  1.05  x 10“°  for 
this  blade. 

The  probability-of-failure  of  a turbine  wheel  due  to  a blade  failure  may  be  deter- 
mined. The  reliability  of  each  blade,  Rb,  is: 


R 


b 


Where  Pf.  is  the  probability-of-failure  for  a blade.  Then,  assuming  that  the  reli- 
abilities for  each  blade  are  equal  and  independent,  the  overall  reliability,  P.H,  of  the 
n blades  on  the  wheel  is: 


R 


w 


The  probability-of-failure  of  the  wheel,  Pf,  is  thus: 

P.  - 1 - R . 
f w 

For  the  turbine  wheel  considered  here,  n = 36,  and  the  probability  of  a blade  failure  on 
the  wheel  is  thus  computed  as  3.8  x 10-5, 

3 . 3 Concluding  Remarks 

The  use  of  finite-element  analyses  in  conjunction  with  test  data  for  the  prediction 
of  turbine-blade  fatigue  lives  has  been  described.  The  use  of  stress  distributions  fro:, 
finite-element  analyses  provide  a means  for  extending  engine-test  data  to  give  a complete 
description  of  blade  stresses.  This  may  indicate  potential  failure  points  that  are  not 
evident  from  strain-gauge  data  alone.  Since  the  test  data  reflects  blade-to-blade  varia- 
tions, variation  in  blade  excitation,  and  test-measurement  errors,  statistical  interpreta- 
tion of  the  results  provides  an  estimate  of  the  expected  maximum  stresses  and  their 
variability. 

The  probabilistic  approach  to  the  prediction  of  blade  fatigue  deserves  further  study. 
A probability  analysis  should  consider  conditions  over  the  entire  surface  of  a blade,  and 
requires  knowledge  of  the  material  fatigue  data  in  greater  detail  than  is  often  available. 

A detailed  knowledge  of  the  test  specimens  and  the  failure  origins  is  required  in  order 
to  consider  size  and  surface  effects  in  the  probability  analysis.  Verification  of  a prob- 
abilistic approach  requires  data  from  field  experience  rather  than  limited  test  cell 
data.  The  approach  might  be  employed  for  a meaningful  test  program  aimed  at  confirming 
the  failure  distribution  predicted. 

Extensive  use  of  the  finite- element  method  in  the  design  process  requires  the  use  of 
auxiliary  techniques  such  as  automated  mesh  generation  and  post-processing  for  interpreta- 
tion of  the  results.  For  life-prediction  analysis,  the  conjugate-stress  technique  has 
proved  valuable  for  computing  improved  surface  stresses.  Accurate  computation  of  surface 
stresses,  an  inherent  problem,  in  current  finite-element  codes,  requires  awareness  on  the 
part  of  the  user  of  assumptions  employed,  as  well  as  continued  theoretical  development. 

For  vibration  analyses,  the  transformation  method  described  in  the  appendix  has  proved 
efficient  for  large  models. 
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APPENDIX  I 


Q-V 


A. 1 Vibration  Solution  Method 

The  coat  of  a vibration  analysis  ueing  a detailed  finite-element  model  may  be  pro- 
hibitive when  a large  number  of  degrees-of-f reedom  is  involved.  it  is  possible  to  reduce 
the  number  of  degrees-of-f reedom  by  considering  only  those  displacements  which  signifi- 
cantly affect  vibration  in  the  modes  of  interest.  Transformation  methods  exist  for  the 
implementation  of  this  concept.  The  method  employed  here  uses  displacement  patterns  of 
the  finite-element  model  as  generalized  coordinates.  The  finite-element  mass  and  stiff- 
ness matrices  are  then  transformed  to  these  generalized  coordinates,  which  reduces  their 
size. 


Consider  a finite-element  model  composed  of  n substructures.  The  equilibrium 
equations  for  each  substructure  alone  may  be  partitioned  according  to  its  internal  nodes, 
and  the  nodes  connecting  it  to  other  substructures,  termed  link  nodes.  For  the  jth  sub- 
structure. 
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where  |K]j  is  the  stiffness  matrix,  {r)j  is  the  nodal  displacement  vector,  (R)j  is  the  load 
vector,  and  the  subscripts  1 and  2 refer  to  internal  and  link  nodes  respectively. 


Generalized  coordinates  are  defined  in  the  form  of  displacement  modes  of  the  finite- 
element  model  under  selected  load  conditions.  The  generalized  coordinates  are  of  two 
typesi  internal  generalized  coordinates,  generated  with  loads  on  internal  nodes  of  each 
substructure  with  the  link  nodes  fixed;  and  interface  generalized  coordinates,  the  dis- 
placements of  the  link  nodes  of  the  overall  model  due  to  loads  applied  to  the  link  nodes. 
The  following  definitions  are  made: 
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internal  generalized  coordinates  in  jth  substructure 
interface  generalized  coordinates 
all  generalized  coordinates 

internal  generalized  coordinates  for  jth  substructure 
interface  generalized  coordinates. 


Then, 


The  generalized  coordinates  are  related 
structure  by  the  coordinate  transformation: 


to  the  nodal  coordinates  for  the  jth  sub- 

] ip)  (3) 


Since  the  internal  generalized  coordinates  for  each  substructure  are  uncoupled  from 
the  internal  generalized  coordinates  of  the  other  substructures,  the  matrix  (B.)  contains 
many  zero  elements.  This  fact  is  exploited  in  the  computation  procedure.  ^ 
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The  columns  of  matrix  iBj)  are  displacement  vectors  generated  by  solving  for  selected 
static  load  conditions.  The  columns  corresponding  to  Ipj),  the  internal  generalized 
coordinates  for  the  jth  substructure,  are  obtained  by  solving i 


lKll) 


(rl> 


IRj) 


(4) 


for  M.  load  cases  (RjK.  The  columns  of  (Bj]  correspond ing  to  Ipb),  the  interface 
generalized  coordinates,  are  the  displacements  due  to  selected  loads  on  the  interface 
nodes  of  the  assembled  substructures.  Thus,  these  are  obtained  by  solving  for  lr)  from: 


(5) 


where  Eg.  (5)  represents  the  eguilibrium  equation  for  the  entire  model  (with  the  substruc- 
tures combined)  partitioned  into  internal  and  interface  nodes,  indicated  by  the  subscripts 
1 and  2,  respectively. 


Some  freedom  exists  in  determining  the  loads  applied  to  the  finite-element  model  to 
generate  the  generalized  coordinates.  Load  distributions  that  yield  displacement  patterns 
that  approximate  the  natural  modes  of  the  structure  may  be  the  most  desirable,  and  provi- 
sion has  been  made  in  the  program  for  the  input  of  load  distributions,  if  desired.  How- 
ever, in  practice  it  has  proven  satisfactory  to  use  unit  loads  applied  to  points  on  the 
surface  of  the  model,  and  to  include  loads  corresponding  to  a rigid-body  acceleration  in 
each  of  the  three  global  coordinate  directions. 


Once  the  generalized  coordinate  transformation  matrix  IB^J  has  been  generated  for 
each  substructure,  the  finite-element  mass  and  stiffness  matrices  for  each  substructure 
are  transformed  to_general  ized  coordinates  and  super  imj>osed  to  form  the  reduced  system 
matrices  (M)  and  (K). 
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where  l K ^ ] and  [M ^ J are  the  stiffness  and  mass  matrices  for  each  substructure. 

This  linear  coordinate  transformation  preserves  the  kinetic  and  potential  energy  of 
the  system  and  leaves  the  eigenvalues  of  the  system  unchanged.  The  transformation  reduces 
the  size  of  the  mass  and  stiffness  matrices  since  the  number  of  generalized  coordinates  in 
the  transformed  model  is  usually  much  smaller  than  the  number  of  degrees-of-f reedom  in  the 
original  finite-element  model. 


The  natural  frequencies  and  vibration  mode  shapes  of  the  complete  structure  are 
determined  by  solution  of  the  eigenvalue  problem: 


lK]-u2  |fl]  Ip}  -.JO]  (8) 

The  eigenvalues  of  Eq.  (8)  determine  the  natural  frequencies  of  the  system  and  the 
eigenvectors  are  the  natural  modes  in  terms  of  the  generalized  coordinates.  The  eigen- 
value problem  is  solved  in  program  1S0V1B  by  using  matrix  iteration,  based  on  the  method 
of  Turner  (Ref.  A-l) . An  alternate  scheme  employed  to  determine  the  frequencies  in  a 
specified  range  is  a Sturm-sequence  method  with  inverse  iteration  (Ref.  A-2) . 

The  eigenvectors  are  transformed  to  the  finite-element  coordinates  by  Eq.  (3)  to 
obtain  the  mode  shapes  in  terms  of  displacements  at  the  nodes  of  the  finite-element  model. 
These  displacements  are  used  to  compute  normalized  stresses  for  each  mode,  employing  the 
conjugate-stress  solution  of  IS03DQ. 

A. 2 Vibration  Analysis  Verification 

Verification  studies  have  demonstrated  that  ISOV1B  provides  accurate  predictions  of 
modal  data.  Reliable  mode-shape  definition  is  required  for  the  life-prediction  t<  ?hniques 
under  discussion.  The  verification  studies  have  shown  good  agreement  between  experimental 
and  predicted  results  for  gas  turbine-engine  components  as  well  as  for  relatively  simple 
configurations.  Two  examples,  discussed  below,  are  typical  of  correlation  studies  that 
have  been  carried  out  for  ISOVIB. 


Mac  Bain  (Ref.  A-3),  reporting  on  the  vibration  of  twisted  cantilever  plates,  pre- 
sented the  mode  shapes  and  natural  frequencies  obtained  from  holography  testing  and 
NASTRAN  analysis.  Table  A-l  summarizes  MacBain's  frequency  data  for  an  aluminum  plate, 
and  compares  it  with  the  results  of  an  ISOVIB  analysis  of  the  same  configuration.  Agreement 
between  ISOVIB  and  the  holography  results  is  within  4 percent  for  eight  modes,  and  within 
6 percent  for  modes  5 and  6. 

Of  greater  importance  to  the  present  application  is  the  agreement  between  experimental 
and  test  data  for  actual  engine  hardware.  The  first  five  vibration  modes  of  an  IN-100 
turbine  blade  were  identified  by  holography  testing  and  compared  with  ISOVIB  predictions. 
Table  A-2  summarizes  these  results.  The  holograms  are  shown  in  Figure  A-l,  and  the  pre- 
dicted mode  shapes  appear  in  Figure  A-2.  Frequency  and  mode-shape  correlation  is  quite 
good  for  modes  1,  2,  and  4.  Frequency  agreement  is  within  3 percent,  and  experimental- 
mode shapes  have  been  reproduced  analytically.  The  predicted  Mode  3 lies  between  the 
measured  Modes  3A  and  3B,  which  may  not  be  distinct  modes. 


TABLE  A-l.  NATURAL  FREQUENCIES  FOR  TWISTED 
CANTILEVER  PLATE  (ZERO  RPM). 

Frequency  (Hz ) 

From  Ref.  1 

' 

Mode  Test  Nastran  ISOVI 


TABLE  A-2. 


TURBINE  BLADE 
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FREQUENCIES. 
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2 000 
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Angle  of  twist  » 30  deg. 
Plate  length  * 7 inches 
Plate  width  ~ 3 inches 
Plate  thickness  - 0.090  in. 
Poisson's  ratio  » 0.3 
Mass  density  « 2.587  x 

10  ^lb-sec* ^in.^ 
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Figure  A-l.  Turbine  Blade  Holography  Test  Results. 
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FREQ  (HZ)  - 8338 


MODE  3 

FREQ  (HZ)  • 11776 


MODE  4 

FREQ  (HZ)  - 16742 


Figure  A-2.  Turbine  Blade  Normal  Mode  Shapes. 


These  two  examples  were  obtained  using  relatively  simple  finite-element  models, 
having  a degree  of  complexity  similar  to  that  shown  in  Figure  1.  It  can  be  concluded 
that  ISOVIB,  together  with  the  model  used  in  the  present  study,  provides  sufficient 
accuracy  for  determination  of  mode  shapes  and  natural  frequencies. 

In  general,  simple  models  will  suffice  to  analyze  the  vibratory  characteristics  of 
solid  blades.  For  more  complex  configurations,  correspondingly  more  detailed  models  may 
be  required. 
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DISCUSSION 


P S.  Kuo,  US 

I have  two  questions.  1 . Could  you  explain  a little  further  to  us  concerning  your  Campbell  diagrams  which  show 
the  frequency  versus  rprn’s.  The  frequency  is  dropping,  especially  at  high  modes.  Is  this  due  to  temperature  effect 
or  negative  differential  stiffness? 

Author's  Reply 

The  frequencies  show  a decrease  with  increasing  rpm  because  the  temperature  was  increased  with  r pm  anu  the  effect 
of  temperature  on  frequency  is  greater  than  the  centrifugal  stiffening  effect  in  this  blade. 

P.S.Kuo,  US 

Do  you  feel  that  in  the  first  few  modes  where  maybe  stiffening  effect  is  offset  by  temperature  effect,  causes  it  to 
come  out  fairly  flat.  However,  in  higher  modes  where  this  temperature  effect  is  more  predominant,  that  is  why  you 
get  negative  decreasing  frequency. 

Author's  Reply 

Yes,  that  seems  to  be  the  case. 

P.S.Kuo.  US 

My  second  question,  however,  relates  to  earlier  presentations  where  many  foreign  firms  (French  and  German)  have 
very  sophisticated  evaluations  in  photoelastics  as  well  as  other  methods  to  predict  fatigue  life.  Especially  near  the 
boundary  where  they  use  very  careful  evaluation  of  fringes  and  boundary  stress  concentrations.  In  turbine  analysis 
you  were  considering  fixed  boundary  conditions  and  used  it  for  fatigue  predictions.  How  do  you  feel  this  method 
compares  to  these  more  sophisticated  techniques?  Would  you  comment  for  us  please? 

Author's  Reply 

Here,  the  finite  element  method  is  used  as  a basis  for  the  analysis.  Of  course,  it  has  the  capability  for  accurate 
detailed  analysis  of  the  stresses  at  blade  roots  but  this  region  was  not  emphasized  in  this  analysis.  A comparison  of 
finite  element  and  photoclastic  methods  would  require  the  consideration  of  cost,  accuracy  and  many  other  factors 
that  could  not  be  adequately  covered  now.  In  comparison  with  other  numerical  methods,  the  finite  element  method 
has  the  advantage  of  generality,  but  the  generation  of  finite  element  models  has  been  costly  in  the  past.  The  use  of 
computer  generated  models  has  alleviated  this  and  lead  to  more  use  of  the  finite  element  method,  especially  in  pre- 
liminary design. 

P.S.Kuo,  US 

If,  I understand  correctly,  the  approach  you  are  taking  now  is  more  for  initial  design  evaluation  instead  of  a precisely 
sophisticated  life  prediction  in  which  you  need  a very  careful  understanding  of  boundary  stress  concentration. 

Author’s  Reply 

This  analysis  was  not  used  for  final  life  prediction  of  the  blade.  The  analysis  presented  should  be  viewed  as  an 
example  of  a technique  that  we  have  been  studying. 

P.S.Kuo,  US 

By  the  way,  were  you  considering  multiple  constraint  conditions  simulating  elastic  boundary  between  the  disk  and 
blade  or  just  using  absolutely  no  need  of  boundary  simulation? 

Author’s  Reply 

This  analysis  assumed  a rigid,  fixed  boundary  with  the  disk.  This  is  often  adequate  for  a blade  integral  with  the 
wheel,  as  is  the  case  here.  However,  for  a more  detailed  analysis,  it  often  is  necessary  to  represent  the  effect  of  the 
blade  attachment  or  disk.  This  may  be  done  in  several  ways,  one  of  which  was  used  in  the  analysis  presented  in  your 
paper. 

R.L.McKnight,  US 

Did  you  go  back,  after  the  fact  and  explain  the  difference  between  your  analytical  predictions  and  the  strain  gage 
results. 


Author's  Reply 

The  sources  of  any  differences  could  not  be  determined  from  the  data  available  at  the  time 
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R. I). McKenzie,  UK 

Your  first  slide  showed  the  finite  element  mesh  employed.  Why  was  this  mesh  refined  at  the  blade  lip  as  well  as  at 
the  root? 

Author's  Reply 

for  the  steady  state  analysis  , refinement  of  the  mesh  at  the  tip  is  not  necessary.  However,  the  model  was  used  (or 
both  steady  state  and  vibration  analysis.  Since  tip  bending  was  expected  in  some  vibration  modes,  a refined  mesh 
was  used  at  the  tip. 


A.F.Storace,  US 

The  transformation  you  talked  about,  was  that  a (iuyan  reduction  sort  of  approach? 

Author's  Reply 

No,  it  is  not  (iuyan  reduction.  We  generate  generalized  coordinates  by  applying  loads  to  the  model  and  computing 
the  displacement  patterns.  The  mass  and  stiffness  matrices  arc  transformed  to  these  generalized  coordinates. 


A.F.Storace,  US 

It  sounds  a little  bit  like  the  (iuyan  reduction  formulation  which  has  problems  with  higher  modes. 

Author's  Reply 

By  way  of  definition,  (.iuyan  reduction  is  a coordinate  transformation  of  the  mass  and  stillness  matrices  using  the 
static  substructuring  transformation.  It  is  exact  for  static  problems,  in  which  it  amounts  to  just  an  elimination  ol 
equations  from  the  system,  but  it  is  approximate  for  dynamic  problems.  The  procedure  used  here  is  different  in 
thut  the  generalized  coordinates  are  not  those  of  the  (iuyan  reduction.  The  technique  used  here  is  more  like  a 
Rayleigh-Ritz  analysis,  where  the  Ritz  functions  are  vectors  of  nodal  displacements  describing  the  deformed  shape  of 
the  structure.  The  accuracy  of  prediction  of  the  higher  modes  depends  on  the  generalized  coordinates  and  the 
higher  modes  may  be  less  accurate  than  the  lower  modes.  This  is  a limitation  of  most  numerical  methods.  It  has  not 
been  a practical  limitation,  since  the  higher  modes  are  usually  of  less  interest. 


C.C.Chamia,  US 

Are  you  generating  the  influence  coefficients? 


Author's  Reply 

Yes. 


C.C.Chamia.  US 

That  takes  a lot  of  time. 

Author's  Reply 

They  are  generated  simultaneously  from  static  solutions.  The  transformation  allows  the  model  to  be  reduced  to  a 
size  allowing  an  eigenvalue  or  dynamics  solution  within  computer  core  storage.  The  generation  ol  the  generalized 
coordinates  requires  out-of-core  matrix  techniques  similar  to  those  used  in  a static  solution.  This  computer  time 
must  be  compared  to  that  required  lor  an  out-of-core  dynamic  solution  using  the  unreduced  equations.  The 
technique  used  here  is  usually  more  efficient  than  a dynamic  solution  on  the  unreduced  model. 


C.C.Chamia,  US 

You  make  an  approximate  assessment  of  where  you  want  to  apply  unit  loads  lor  calculating  deflections. 

Author’s  Reply 

Yes,  although  for  many  types  of  models  the  selection  of  loads  is  automated.  For  blade  models,  * '»e  selection 
emphasizes  the  use  of  loads  normal  to  the  blade  surface  to  represent  the  transverse  motion  of  ti  blade  rather  than 
the  less  important  in-plane  and  breathing  motions. 
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Rfeumt 

La  presence  d'entailles  dans  une  structure  chargee,  telles  que  les  alveoles 
dans  les  disques  de  turbines,  est  la  cause  de  concentration  de  contramtes 
conduisant  £ des  deformations  Plastiques  et  plastiques  importantes  ; de  plus, 
les  conditions  de  fonctionnement  de  la  turbine  comprennent  des  temperatures 
assez  eievees  pour  provoquer  des  deformations  viscoplastiques.  En  elasticity,  on 
propose  une  comparaison  avec  la  methode  des  elements  finis  appliquee  £ une 
section  de  la  turbine.  Une  extension  de  cette  methode  est  entreprise  pour  resoudre 
les  problemes  viscoplastiques  par  un  procede  de  linearisation  pas  £ pas  dans  Ie 
temps,  le  comportement  du  materiau  etant  represente  par  des  lois  de  compor- 
tement  viscoplastique.  Cette  methode  est  utilisee  en  particulier  pour  l’£tude  du 
comportement  viscoplastique  d'une  plaque  entailiee  soumise  £ des  essais  de 
traction,  et  les  r£sultats  obtenus  de  cette  maniere  sont  compares  £ ceux  fournis 
par  les  essais  ; cette  comparaison  montre  un  bon  accord. 


CALCULATION  OF  STRESS  CONCENTRATIONS 
IN  DISC  ALVEOLES 

Summary 

The  presence  of  notches  in  a loaded  structure,  such  as  alveoles  in  a 
turbine  disc,  is  the  cause  of  stress  concentrations  leading  to  important  elastic 
and  plastic  deformations  ; moreover,  the  turbine  operating  conditions  involve 
temperatures  high  enough  to  provoke  viscoplastic  deformations.  Such  stress 
concentrations,  and  their  evolution  in  time,  are  accounted  for  by  the  integral 
equation  method.  In  elasticity,  a comparison  is  proposed  with  the  finite  element 
method  concerning  a section  of  the  turbine  disc.  An  extension  is  untertaken  of 
this  method  to  solve  viscoplasticity  problems  by  a process  of  time-step  lineari- 
zation, the  behaviour  of  the  material  being  represented  by  viscoplastic  constitutive 
laws.  This  method  is  used  in  particular  to  study  the  viscoplastic  behaviour  of  a 
notched  plate  subjected  to  tensile  tests,  and  the  results  obtained  this  way  aie 
compared  with  those  provided  by  the  tests,  a comparison  that  shows  a very  good 
agreement. 


I INTRODUCTION 

La  presence  d'entailles,  de  coins,  de  /ones  de  moindre  resistance 
dans  la  plupart  des  structures  reelles  est  la  cause  de  concentrations  de  contrainte 
conduisant  £ des  deformations  eiastiques  et  plastiques  unportantcs  et  peuvent 
aller  jusqu’a  provoquer  une  rupture  premature.  Un  calcul  d'eiasticite  pennet 


* C«  m4molfi  a 4t4  pr4««nt4  4 la  uiiiion  1078  da  I'ATMA  < Attociation  Tachniqua  Manttma  at 
A4ronautiqua)  at  a«t  raproduit  avac  ton  aimabla  automation.  II  tara  publia  dant  la  bullatln  da 
catta  Attociation  avac  la  ditcuttion  4 laqualla  II  a donna  liau  au  court  da  la  plantation. 


io-: 

la  determination  J'un  coefficient  de  concentration  de  contrainte  dont  la  valcur  nc 
depend  que  de  la  geometric  de  la  structure  envisage,  et  en  particulier  de  la  forme  de 
I'entaille.  Dans  la  realite  I'importance  de  ces  concentrations  de  contrainte  est  telle  que, 
la  plupart  du  temps,  une  cone  de  plasticity  apparait  au  voisinage  de  I'entaille  ;le  coeffi- 
cient de  concentration  de  contrainte  depend  alors  de  1'intensitd  du  chargcment  impost 
inais  demeure  constant  dans  le  temps.  Par  contre,  lorsque  te  materiau  obeit  a un  com- 
portement  viscoplastique,  comme  c’est  en  general  le  cas’d  haute  temperature.ee  coeffi- 
cient varie  au  cours  du  temps.  C’est  ce  qui  se  passe  par  exemple  pour  les  disques  des  tur- 
bines a gaz  des  motcurs  d'avions  : en  effet  les  performances  de  ces  turbines  sont  condi- 
tionnees  par  les  tempdratures  a leur  entree,  et  actuellement  leurs  conditions  de  fonction- 
neinent  conduiscnt  a des  temperatures  suffisamment  dlevees  pour  provoquer  des  phe- 
nomenes  de  deformations  viscoplastiqucs.  De  plus  les  technologies  d’attache  des  aubes 
sur  les  disques  de  turbines  eonferent  a ceux-ci  une  structure  alvdolde,  provoquant  ainsi 
une  concentration  de  contrainte  localisdc  en  fond  d'entaille,  region  oil  la  viscoplasticity 
est  done  particuliereinent  importante.  Une  mdthode  de  calcul  pour  determiner  I’dvolu- 
tion  de  ce  coefficient  de  concentration  de  contrainte  apparait  done  necessaire,  et  nous 
avons  retenu  la  mythode  des  yquations  intygrales  pour  traitcr  ce  probiyme. 


2 M1THODI  1)1  S EQUATIONS  INTKiRAI  I S I N t LASTICITI 


Cette  methodc  des  dquations  integrates  est  utilis^e  pour  la  rysolution  de  probldmes 
d'yiasticity  lineaire  depuis  une  di/aine  d'anndes  maintenant  (aux  U S A.  a partir  de  1967 
avec  Rizzo'et  Cruse2,en  Prance  avec  Lachat  depuis  1973)3.Rappclons  que  cette  mdthode 
est  basye  sur  la  relation  suivante  entre  les  valeurs  des  tensions  t (vecteurs  contrainte  asso- 
cics  a la  normale  extdrieure)  et  des  deplacements  u sur  la  frontierc  S du  solide  V consi- 
der e (obtenue  par  integration  de  l’equation  de  Navier)  : 


(*)«(*)  = E(x.  f)  m</V(+  f E(x,i)Ki)dst-f  T(X.S)  u($)Jst 


(1) 


Les  coefficients  E - (A'iy- ) et  T = ( T ) dependent  des  caractdristiques  geomdtriques  et 
dlastiques  du  solide , c = (c^ ) de  la  geometrie  du  solide  au  voisinage  du  point  .v  consi- 


1 

ddre  (c(/(x)  = 6(/  pour  un  point  interieur,  c(/  (jc  ) = — 6, 


pour  un  point  de  S 


continuity  de  la  normale  en  ce  point, /designe  les  forces  de  volume. 


La  rdsolution  numerique  du  problcme  se  fait  par  diserdtisation  de  cette  equation 
intdgrale  ( 1 ) : ainsi  dans  le  cadre  de  I'dtude  bidimcnsionnellc  que  nous  avons  effectude, 
la  frontidre  S a ete  approximee  par  une  suite  de  segments  de  droites  sur  chacun  desquels 
une  variation  lineaire  dcs  variables  / et  u a ete  imposec,  ce  qui  permet  alors  d'ecrire  la 
relation  ( I ) en  chaque  noeud  de  la  diserdtisation  et  conduit  au  systeme  suivant  : 


\a]  {M)+[d]  {f}  = [7]  {/} 


Les  matrices  l«],  [d]  et  |y]  sont  fonctions  des  coefficients  E et  T.  Le  second  mem- 
bre  depend  de  plus  des  forces  de  volumes  (donnee  du  probleme)  et  pent  done  dtre  cal- 
culd  sans  difficultd  par  intdgration  sur  le  volume  V . Les  vecteurs  {f } et  {m  } sont  respec- 
tivement  constituds  des  composantes  des  vecteurs  contrainte  et  deplacement  aux  nocuds 
de  la  diserdtisation.  Si  le  probldme  est  bien  pose,  en  chacun  de  ces  noeuds,  et  pour 
chaque  composante,  l’une  de  ces  valeurs  tt  ou  u(  est  imposee  par  les  conditions  aux  limi- 
tes  et  le  terme  correspondant  est  passe  au  second  membre.si  bien  que  nous  obtenons  un 
systdine  de  2n  dquations  a In  inconnues  (n  etant  le  nontbre  de  points  de  diserdtisation 
de  S) : 

[A]  {.v}  = {»}  (2) 

le  vectcur  {x}  est  constituc  dcs  inconnues  du  probleme,  lcsquclles  sont  done  ddtermi- 
ndes  aprds  inversion  de  la  matrice  |-4]. 

Dans  la  pratique,  I’dtablissement  de  ce  systdme  prdsente  deux  types  de  difficulty 
que  nous  voudrions  abordcr  ici  : 

la  premidre  est  due  a lexprcssion  dcs  coefficients  E et  V,  expression  donnee  ci- 
dessous  pour  le  cas  bidimcnsionncl  et  qui  presentc  des  singularites  en  log  r ou  I /r  ( r rc- 
prdsentant  la  distance  du  point  x pour  lequel  est  ecritc  I'cquation  (l)au  point  courant 
d’integration  0 


(a  = X + n en  deformations  planes,  a = p(3X  + 2p)/(X  + 2*i)  en  contraintes  planes. 


Pour  rendre  compte  de  fayon  satisfaisante  de  ces  singularit^s . Ics  intdgrations  re- 
latives a ces  coefficients  ont  dte  effectuees  analytiquement  sur  chaque  segment  de  la  dis- 
cretisation. 

d'autre  part  la  formulation  par  equations  integrates  utilise  pour  variable  la  ten- 
sion r,  ct  il  peut  exister  des  noeuds  oil  celle-ci  ne  peut-dtre  definie  de  fayon  unique  (ce 
qui  se  produit  par  exemple  dans  le  cas  d une  discontinued  du  vcctcur  normal  (probleme 
du  coin)).  Nous  proposons  de  resoudre  ce  probleme  en  considerate  un  tel  point  comrne 
un  point  double  : 0 = (x  , x')  (fig.  1)  ,x  est  suppose  appartenir  au  segment  S,  x'  au 
segment  S'  et  le  vecteur  contrainte,  rcsp.  I et  i'  en  chacun  de  ces  points,  peut  alors  etre 
defini  de  fayon  unique.  L'introduction  d'un  point  double  se  traduit  par  I'introduction 


d'inconnues  suppldmentaires  (deux  en  bidimensionnel),  tandis  que  le  nombre  d’cqua- 
tions  integrates  qui  peuvent  dtre  ecrites  demeure  inchange  (x  et  x’  etant  confondus, 
liquation  integrate  ecrite  en  v est  identique  a celle  dcrite  enx’).  II  faut  done,  pour  ob- 
tenir  un  systdme  d equations  non  singulier,  introduire  d’autres  relations  entre  vccteurs 
contrainte  ct  deplaccment  (deux  pour  chaque  point  double).  Le  plus  simple  est  d'dcrire 
la  continued  du  vecteur  dcplacement  au  point  considdre. 

w,(x)  = u,(x') , 1=1,2.  (3) 

De  telles  equations  ne  sont  evidernment  valables  que  dans  la  mesure  oil  u,  est  une  incon- 
nue  du  probldnte  en  l’un  au  moins  des  points  x et  x ' . S’il  n’en  est  pas  ainsi,  il  faut  cher- 
cher  d'autres  dquations  (une  ou  deux  suivant  le  type  de  conditions  aux  limites)4. 

Un  premier  type  dequations  peut  dtre  obtenu  en  dcrivant  la  symdtrie  du  tenseur 
des  contraintes.  En  effet  les  vecteurs  contraintes  t et  t'  sont  relids  au  tenseur  des 
, contraintes  o par  les  relations  (o  (.v)  = o (x1)). 

t = on  t'  = on' 

Ces  equations  peuvent  dtre  considcrees  comrne  constituant  un  systdme  dont  les  incon- 
nues  sont  les  quatre  composantes  du  tenseur  des  contraintes.  Le  systdme  peut-dtre  reso- 
( lu  et  la  symdtrie  du  tenseur  des  contraintes  se  traduit  par  la  relation  suivantc  : 

W!'|  -»ifi  *=  "j'j  ~nih 

L’etablissemcnt  de  la  scconde  equation  ndeessaire  est  basde  sur  la  continued  du  tenseur 
des  ddfomntions  (e(x)  = c(.v')).  Utilisant  le  fait  que  la  trace  du  tenseur  des  ddfornta- 
tions  est  un  invariant,  nous  pouvons  en  effet  dcrirc  : 

* 

, , 2n  /cos  a cos  0 \ 

t,  sin  a + r , sin  a - r2  cos  (I  —t 2 cos  0 cos  a u,(/l)  + 2/i  ( 1 u , (0) 

hA  V hA  hB  ' 

2ju  2 m /sin  a sin  0 \ 2u 

+ — cm0ui{B)--~  sinau3(/l)  + 2fi  ( )u3(0)  + — sin0u,(tf) 

hB  hA  V'<a  t ha 




(5) 


1 0-4 


(Vs  equations  (4 ),  (4 1 et  (5),  pcmicttcnt  de  resoudre,  par  la  methode  des  equations  in- 
tegrates, tout  typo  do  probldne,  quelles  quc  soient  les  conditions  aux  limites  imposces. 

Stgnalons  enfin  qu'une  tors  la  "resolution  sur  le  contour"  effectuec,  le  tenseur  des 
contraintes  pout  etre  calcule  cn  tout  point  du  solidc.  I n effet  les  lois  de  IVIasticite  et 
I Vquation  integrate  (1)  permettent  d’ecrire  la  nouvelle  equation  integrate  ci-dessous 

o{x)  = J />(*.{)  +/  IHx.l)  r(t)<Ss( -J  (6) 


dans  laquelle  D et  S sont  definis  en  bidimensionncl  coniine  suit 

n>l»{x  • **  * +'~  1 + 2u6ihbir  + 4adirdjrdhr\ 

•W*-  +^)f3  j ^ l8‘j3,rW  + 2lit>iidhr  + (u-a){8lhZlr+  A,7l3;r)| 

+ n,|(*i  a)dlrdhr  ft8lh  | 4-  M/  |(p  a)dirdhr  - n6lh\ 
"/.1 2*i3,r3yr  + (a 


Different*  calculs  out  etc  effectues  et  nous  en  presentons  ci-apres  deux  exemples. 
Le  premier  concerne  une  plaque  en  alliage  leger  AU4(i  soumise  a des  solicitations  bia- 
xiales  Le  schema  de  la  plaque  ainsi  que  la  discretisation  utilisle  pour  le  calcul  (par  raison 
de  symetrie  seul  un  quart  de  plaque  a ete  etudie)  sont  donnes  sur  la  figure  2.  Dans  ce  cas 
la  position  du  point  le  plus  sollicite  en  contrainto  ainsi  que  ('importance  de  celle-ci  va- 
rient  suivant  le  rapport  des  forces  intposees.  Les  courbes  de  la  figure  3 permettent  de 
suivre  1‘evolution  le  long  de  lentaille  de  la  composante  oHt)  du  tenseur  des  contraintes 
pour  trois  valeurs  differentes  du  rapport  ( — /f , o*/oJ.  et  de  comparer  les  resul- 
tats  du  calcul  avec  ceux  donnes  par  une  etude  expcrimcntale  effectuec  a l'ONLRA  sur 
une  machine  d'essais  de  tractions  biaxiale. 

Avec  le  deuxiemc  exemple  nous  proposons  une  confrontation  des  deux  niethodes 
de  calcul  methode  des  equations  integrates  et  methode  des  dements  finis.  Idle  est  rela- 
tive a une  portion  de  disque  de  turbine  de  moteur  d avion  dont  les  efforts  appliques  sont 
ceux  exerces  par  I’aube  de  turbine  (contrainte  normale  le  long  de  /-.  /•')  et  des  efforts  de 
liaison  (contrainte  radiate  sur  A C).  Le  maillage  utilise  pour  les  equations  integrates  cor- 
respond aux  noeuds  du  contour  du  maillage  par  elements  finis  (figure  4).  Les  resultats 
presentes  sur  la  figure  5 indiqucnt  une  excellente  correlation  entre  les  deux  niethodes. 


MO 


l id  2.  Schema  et  discretisation  dc  la  plaque  entaillee 
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Fig.  3.  Evolution  de  la  contrainte  normale  principale  agg  le  long  de  I'arc  AB 
- «■—  calcul  par  la  methode  des  equations  integrales 
x moyenne  des  essais 


Fig.  4.  - MaiUage  de  la  portion  de  disque  utilise  pour  la  methode  des  dWments  finis  et  la  methode 

des  Equations  integrales 


Pour  tous  les  cas  que  nous  avons  Studies,  les  resultats  obtenus  sont  tres  satisfai- 
sants  ; les  cas  de  concentration  de  contrainte  sont,  en  particular,  tres  bien  rdsolus  ; la 
discretisation  lineaire  par  segments,  utilisde  pour  les  vecteurs  contrainte,  permet  de 


rendre  compte  des  fortes  evolutions  de  ces  quantites  avec  une  meilleure  precision  que 
par  la  methode  des  elements  finis  pour  une  meme  finesse  de  maillage.  De  plus,  a cause 
du  faible  nombre  d’inconnues,  la  resolution  d’un  probleme  s’effectue  en  un  temps  de 
calcul  trds  court. 


3. I.  I-oi  de  comportement 5 


to-n 


Pour  etudier  (application  de  la  methode  des  equations  integrates  a la  resolution  de 
probtemes  de  viscoplasticite,  nous  nous  sommes  places  dans  le  cas  dune  loi  de  compor- 
tement  qui  a ete  developpee  a I'ONERA  par  Leinaitre  et  qui  perniet  de  rendre  conipte 
des  phenomines  pnncipaux  de  la  viscoplasticite  fluage  primaire  et  secondaire  relaxa- 
tion, ecrouissage  Outre  niypothese  de  partition  des  deformations,  elle  suppose  que  la 
deformation  viscoplastique  se  fait  a volume  constant  et  que  le  inateriau  obeit  a ITiypo- 
these  de  l'ecrouissage  isotrope  La  loi  de  comportement  utilisee  sera  alors  du  type  : 


tp 

I f o . 


E 


o - (Tro)l 
t 


(7) 


fp  = 


/'(* 


it  • >11 


)J 


ep ||  etant  un  parametre  de  cumulation  d'ecrouissage  defini  par 


‘>ii (0  = ?p„(0)  + JQ  epll\  Jr 


Pour  le  calcul,  la  loi  de  comportement  viscoplastique  a ete  particularised  sous  la 
forme  d'un  produit  de  deux  functions  puissances 


avec 


ep  = C". 


~n/m 

>n 


n - I / 

I.  I5 


c = 


KAr 


(generalisation  dv  la  loi  unidimensionnelle  o - Kep>^m  ep,/n)  n est  le  coefficient  de 
viscosite  ; m,  le  coefficient  d’ecrouissage  et  K,  le  coefficient  de  resistance.  Ces  trois 
coefficients  caracterisent  le  comportement  viscoplastique  du  materiau  a une  tempe- 
rature donnee.  Les  valeurs  numeriques  que  prennent  les  exposants  n et  m peuvent 
etre  tres  importantes  (des  valeurs  de  50  et  100  respectivement  peuvent  etre  atteintes 
et  meme  largement  depassees).  Ceci  est  la  traduction  de  la  forte  non  linearite  des 
phenomines  viscoplastiques  et  la  principale  cause  de  difficultes  dans  les  calculs. 


3.2.  Influence  J une  deformation  viscoplastique  dans  la  formulation  des  equations 
integrales 

La  presence  d’une  deformation  viscoplastique  definie  par  sa  derivee  conduit 
a icrirc  les  equations  auxquelles  doit  satisfaire  le  solide  etudie,  de  la  maniere  suivante  : 
loi  de  comportement 

o = X (Tr  e)  I -t  2 p (e  - ep)  dans  V 

equation  d'eauilibre 

di  vo  + / = 0 dans  V 

relation  deformations  - deplacements 

1 

e = - [gradu  + (gradu)'J  dans  V 

conditions  aux  limites 

a n = F sur  S0 
u = ud  sur  Su 

De  la  meme  faijon  qu’en  elasticite  on  montre  facilcment  que  ce  systeme  d’equa- 
tions  est  equivalent  aux  deux  equations  ecrites  ci-dcssous  . 

(X  + p)grad  (divu)  + p Au  4 (/ - 2 p div  ep)  = 0 dans  V 
X(divu)n  + p [gradu  + (gradu)f]n  = F + 2p  ep.n  sur  ,9 
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La  premiere  de  ces  equations  est  en  fait  la  derivee  de  liquation  de  Navier  dans 
laquelle  ont  etc  introduites  des  forces  de  volume  supplementaires  definies  par 

fp  = - 2/idivep  (8) 

Quant  a la  deuxieme  elle  exprime  les  conditions  aux  limites  en  force  du  probleme 
eiastique  correspondant  aux  forces  de  surface  supplementaires  ddflnies  par 

Fp  = 2 nep.n 

Ainsi,  en  ce  qui  concerne  la  resolution  sur  le  contour,  le  calcul  pourra  etre  consi- 
der^ a chaque  instant,  comme  un  calcul  d’dlasticite,  la  presence  de  phdnomenes  visco- 
plastiques  se  traduisant  par  ('introduction  de  forces  de  volume  et  de  surface  supple- 
mentaires. 

Notons  que  dans  le  cas  particulier  du  bidimensionnel  (hypothese  de  deformations 
ou  de  contraintes  planes),  ces  forces  supplementaires  seront  determinees  par  : 

fp  = — (a  — m)  grad  (Tr  ep)  — 2 n div  ep  (9) 

Fp  = (a  - ft)  (Tr  ep)  n + 2uep  . n (9b) 


3.3.  - Schema  general  du  calcul  de  viscoplasticite 

Nous  considerons  a chaque  instant  t la  derivee  par  rapport  au  temps  du  systeme 
d equations  integrales  (2)  soit  : 

Ml  U(0)  = {5(f)} 

D'apres  ce  qui  precede  (S(r)}  peut-etre  considere  comme  la  somme  de  deux 
termes  : 

- l’un  relatif  aux  donndes  du  probleme  sur  la  frontiere  (vecteurs  contrainte 
et  deplacement)  qui  pourra  s’ecrire  sous  la  forme  [fl0]  {£) (r )} , D(t)  etant  la  de- 
rivee par  rapport  au  temps  de  ces  quantite's  donnees  a I’instant  considere  : 

l’autre  {C(T)}  du  a la  presence  des  forces  de  volume  et  de  surface  supple- 
mentaires introduites  par  la  viscoplasticite. 


Fig.  6.  - Schema  general  du  calcul  de  viscoplasticite 
au  premier  ordre. 


I 


Fin 


La  connaissance  a I 'instant  f , ft  en  tout  point  du  doinaine  V.  des  tenseurs  des 
contiaintes  o ft  des  deformations  viscoplastiques  t p pfrmft  df  determiner  la  vitesse 
df  deformation  viscoplastique  fn  tout  point  ft  d'en  dfduirf  par  integration  les  valeure 
des  quantites  C(/)  apparaissant  au  second  metnbre  du  systernf  (2).  Le  calcul  de  la 
variation  du  tenseur  des  contraintes  peut  ensuite  etre  effectue  en  tout  point  de  V 
comme  indique  ci-apres,  puis  celui  des  derivees  secondes  du  parametre  de  cumulation 
d'ecrouissage  ft  des  composantes  du  tenseur  des  deformations  viscoplastiques.ee  qui 
permet  de  determiner,  comme  nous  le  verrons  plus  loin,  ('importance  du  pas  Jt  a 
effectuer. 

Enfin  le  passage  de  I'instant  t a I’instant  t * Jt  se  fait  en  utilisant  des  develop- 
pements  en  serie  de  Taylor.  D'oti  I 'organigramme  de  la  figure  6 etabli  pour  un  calcul 
au  premier  ordre. 

3.4.  Calcul  Je  C et  de  o 

L "introduction,  due  a la  viscoplasticite,  de  forces  de  volume  et  de  surface  sup- 
plemental^ conduit  a ajouter  au  second  membre  des  equations  du  systeme  (2)  la 
somme  d'mtegrales 

J £(*.{)  fPU)dvt  4 J E(x.i) 

lf  « 

fp  et  Ep  ont  ete  definis  precedemment  par  les  relations  (9)  et  (9b)  ou  (8)  et 
(8b).  fv  est  function  des  derivees  spatiales  des  composantes  du  tenseur  des  vitesses 
de  deformations  viscoplastiques  dont  la  valeur  n’est  connue  que  point  par  point.  Nu- 
meriquement  de  tclles  derivees  ne  peuvent  etre  calcuiees  de  fa^on  satisfaisante.  Nous 
avonc  done  cherche  a transformer  cette  integrate  de  volume.  Ceci  est  possible  en  uti- 
lisant le  theoreme  de  Green  -Ostrogradsky  qui  nous  conduit  a ecrire  I ’equation  integrale 
en  deplacement  sous  la  forme  suivante. 

cu  (.t ) = E (x . {)  /({)  ~ Js  T (.t.  $)  u (?)  Jsl 

% m 

Jy  »raJt  E(x,t)  op  (l)d 4 Jy  E (x.l)  f(l)  Jvt  (10) 

avec 

op  = (a  /i)(Trep)|-»2#ifp  en  bidimensionnel, 
or  = 2 n e p en  tndimensionnel. 

Les  derivees  spatiales  affectent  maintenant  les  coefficients  Ey  dont  I’expression 
analytique  est  connue  . une  telle  derivation  ne  pose  done  aucun  probleme. 

Enfin  1'expression  de  o,  en  function  des  variations  des  defacements  et  deforma- 
tions viscoplastiques,  s’obtient  a partir  de  la  loi  de  comportement  et  des  relations 
deformations-deplacements 

o = (j  u)  div  u 4 v |gradu  V (gradu)']  — op 

I ’equation  integrate  relative  au  tenseur  des  contraintes  sera  done 

o(.v)  = J'D(x.  t)-r(t)<ff|  - j's(X't) u(l)Jsi  + fyD(x4)-/(t)Jvt 

4 ft  D(x,f)  Fp({)  Js(  4 £ D (x  . |)  /ptf ) Jr(  - o p 

Comme  precedemment  Tutilisation  du  theoreme  de  Green  Ostrogradsky  permet 
de  transformer  I'integrale  de  volume  et  d’ecrire  : 

o (v)  = 0(x , f ) r({)  Js(  S(x  , {)  u ({)  Jsl 

4 jT  gradt/)(x.{)op(«)(fi>t  + fvD(x.  {)/({)  Jvt  (II) 

Les  relations  (10)  et  (II)  font  intervenir  des  integrates  de  volume  dependantes 
de  op  c est -a -dire  de  la  variation  du  tenseur  des  deformations  viscoplastiques.  Le  calcul 
de  tclles  integrates  necessite  une  discretisation  de  llnterieur  de  la  structure  etudiec. 
Actuellement  cette  discretisation  est  realisee  automatiquement.  a partir  de  la  discre- 
tisation du  contour,  a (aide  de  rectangles  a l’interieur  desquels  la  variation  de  la  de- 


formation  viscoplastique  tp  est  suppose;  constant;.  Prisons  que  ces  integrates  de 
volume  n afTectent  que  des  quantiles  dont  la  valeur  a deja  ete  determine;,  les  incon- 
nues  du  problem;  demeurant  sur  la  frontiire  du  solide  uniquement. 
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3 5 Calcul  Ju  pas 

La  connaissance,  a I'instant  t,  des  inconnues  du  problem;  et  d;  leur  derive; 
pemiet  d;  determiner  leur  valeur  a I'instant  t ■(  J/  en  utilisant  un  developpcment 
en  serie  de  Taylor  limit;  au  premier  ordre 

-Y(r  4 Jr ) = A’u)  + X(t)Jr 

Pour  diterminer  la  valeur  du  pas  Jr  nous  utilisons  une  methode  de  ehoix  op- 
timal. a fin  de  garantir  une  bonne  approximation  de  la  loi  utilisee,  tout  en  choisis- 
sant  une  valeur  de  Ji  qui  assure  un  compromis  acceptable  cntre  la  precision  souhaitee 
et  un  temps  de  calcul  raisonnablc  Ce  choix  est  effectue  sur  la  deformation  viscoplas 

tique  cumulee  epI|  qui  gouveme  la  forte  non  lin«arite  du  problem;.  Ln  utilisant  pour 
ce  coefficient  un  developpement  en  sene  de  Taylor  au  second  ordre 

rpI1(f  4 Jr)  = ?plI(r)  + 7pll(r)Jr  + ?pI1(r) 


Le  pas  Jr  est  choisi  pour  rendre  le  terme  cpll  (Jr1/:)  suffisamment  faiblc  devant 
rp  ii  • dans  cas  le  terme  du  troisiemc  ordre  et  les  suivants  sont  supposes  negli- 
gible* La  convergence  n est  assume  que  de  fayon  heuristique,  la  non  influence  des 
termes  d'ordre  supeneur  pouvant  ne  pas  toujours  etre  verifiec.  Nous  posons  done  : 


< n ‘?pnU)Jt  I 


i7  etant  le  parametre  de  precision  choisi  a I'avance.  d'od 


Jr  < 2 t) 


1 r>n 


(f) 


pour  tout  point  du  solide.  ce  qui  conduit  a choisir 


Jr  = 2 r?  nun 


nit 


(M(.v) 


1 nil 


(r)(v) 


3 6 Application 

Un  programme  de  calcul  correspondant  a la  methode  que  nous  venons  de  de- 
crire  a ete  etabli  en  bidimensionnel  (hypothesc  des  contraintcs  planes  ou  des  defor- 
mations planes).  II  a,  en  particular,  ete  utilise  pour  determiner  revolution  des  eon- 
traintes  et  deformations  produites  en  tout  point  d'unc  plaque  entailiee,  dont  le  schema 
est  reprtsente  sur  la  figure  7,  et  sollicitee  dans  le  domainc  viscoplastique.  La  presence 
dans  cctte  plaque  d'unc  entaille  provoque  une  concentration  de  contrainte  importante 
(en  clastic i to  le  rapport  de  la  contrainte  maximale,  localisce  en  fond  d'cntaille.  a la 
contrainte  imposdc  “a  I'infmi"  est  ici  de  2,5),  ce  qui  provoque.  dans  cctte  region,  des 
phenomencs  viscoplastiques  particulierement  import  ants. 

Le  materiau  employe  est  l alliagc  leger  AU  2 UN.  recuit  pendant  24  h a 200cC. 
materiau  utilise  ici  a la  temperature  de  180°C.  (A  cette  temperature  le  module  de 
Young  a pour  valeur  K = 67  000  MN/mJ  et  le  coefficient  de  Poisson  t>  = 0.3).  Des 
cssais  preiiminaires  de  fluage  et  dYcrouissagc  relaxation  sur  eprouvettes  unidimension- 
nelles  ont  pennis  de  determiner  les  coefficients  caracteristiques  du  materiau.  a la  tem- 
perature consideree,  pour  la  loi  de  Lemaitre,  soit  n = 20,  m = 40.  K = 520  (uni- 
tes : MN/mJ  ,s). 

Des  essais  de  traction  sur  plaques  entailiecs  ont  ete  effectues  paralieiement.  Au 
cours  de  ces  essais.  des  mesures  par  jauges  extensometriques  a chaud  ont  pennis  de 
suivre  revolution  de  la  deformation  en  differents  points  de  la  plaque. 

Nous  presentons  ici  une  confrontation  dcs  resultats  obtenus  par  les  essais  dune 
part,  par  le  calcul  limite  au  premier  ordre  d'autre  part  (calcul  effectue  avec  rhypothese 


i 
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Kl*.  7.  Schema  de  la  plaque  entailUe  et  chargement  Impose. 

des  contraintes  planes),  dans  le  cas  d’un  chargement  en  traction,  impost  comrae  indi- 
que  sur  la  figure  7 (ecrouissage  puis  fluage).  Sur  la  figure  8 est  representee  la  repartition, 
a un  instant  donne,  de  la  deformation  le  long  de  I'axe  Ox  ( de  la  plaque  ;sur  la  figure  6, 
revolution  au  cours  du  temps  de  la  deformation  en  different*  points  de  cet  axe.  Nous 
pouvons  remarquer  la  trds  bonne  concordance  entre  les  deux  types  de  resultats,  mdme 
lorsque  les  deformations  sont  importantes  (elles  atteignent  1 '7c  au  point  de  plus  sol- 
licite)  et  fortement  non  lineaires.  Ces  resultats  nous  permettent  ainsi  de  confirmer  a 
la  fois  la  validite  de  la  loi  de  comportement  utilisee  et  celle  dc  la  methode  de  calcul. 


10 
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(mm) 


Fig.  8.  Repartition  de  la  deformation  1 22  le  long  de  I'axe  de  symetrie  (r  = 3 800  s). 


Fig.  9.  - Fmplacement  des  jauges  le  long  de  I'axe  de  symetrie.  Involution  de  la  deformation. 


bn  ce  qui  concerns  le  calcul  par  la  methode  des  equations  integrates,  il  a ete 
effect ue  pour  un  temps  de  maintien  en  fluage  de  3 h,  et  a demande,  sur  ordinateur 
I K IS  80,  un  temps  de  calcul  de  60  mn  . 114  pas  dans  le  temps  ont  ete  necessatres  pour 
traduire  les  150  s d'ecrouissage  et  42  pas  pour  le  fluage.  11  est  a noter,  qu 'arrive  a ce 
stade  du  tluage,  les  phenomenes  viscoplastiques  se  stabilises,  et  qu’en  consequence 
les  pas  deviennent  importants  (avantage  de  la  methode  de  choix  du  pas  optimal  decrite 
precedemment)  ; la  poursuite  du  calcul  a ce  niveau  s'effectue  alors  rapidement.  Un 
calcul  au  second  ordre  perinettra  de  reduire  ce  temps  de  calcul,  la  meme  precision 
pouvant  etre  obtenue  par  une  integration  pas  i pas  beaucoup  plus  lache. 

bn  fin  il  nous  faut  mentionner  le  faible  nombre  d'inconnues  necessaires  a la 
resolution  du  probieme  le  contour  de  la  plaque  a ete  discretise  a 1'aide  de  27  seg- 
ments, conduisant  ainsi  a une  matrice  A , matrice  du  systeme  a resoudre.de  dimensions 
54  x 54  ; le  stockage  de  son  inverse  en  memoire  centrale  ne  pose  done  aucun  probieme. 


4 CONCLUSION 

Les  premiers  resultats  de  calcul,  portant  sur  un  exemple.  d’interet  pratique  (rela- 
tif  au  probieme  des  fonds  d’alveoles  de  disques  de  turbine),  et  faisant  inteivenir  a la 
fois  une  concentration  de  contrainte  et  des  phenomenes  de  redistribution,  ont  ete 
remarquablement  recoupes  par  les  resultats  experimentaux. 

Par  comparison  avec  une  methode  d'eiements  finis,  nous  avons  deja  note  la 
sensible  amelioration  apportee  au  calcul  des  contraintes.  D'autre  part,  si  une  discre- 
tisation de  I’interieur  de  la  structure  est  certes  necessaire  pour  le  calcul  en  viscoplas- 
ticite,  elle  ne  requiert  pas  une  grande  precision  puisque,  dans  notre  cas,  les  integrals 
de  volume  n’interviennent  qu’au  second  membre  du  systeme  a resoudre  ; elles  ne 
dependent  que  de  quantites  determinees  a l’instant  consider  du  calcul  et  non  pas 
des  inconnues  du  probieme.  De  plus,  il  reste  que  la  resolution  du  probieme  ne  s’ef- 
fectue  que  sur  le  contour  ; la  matrice  du  systeme  obtenu  est  par  consequent  de  di- 
mensions trts  inferieures  a la  matrice  de  raideur  correspondante  calcuiee  par  la  me- 
thode des  elements  finis-  Puisque  1'introduction  de  deformations  viscoplastiques 
n’a,  sur  cette  matrice.  aucune  influence,  elle  peut  etre  inversee  une  seule  fois  au  de- 
but de  calcul,  ses  faibles  dimensions  ne  posant.  en  general,  pas  de  difficulte  pour 
conserver  son  inverse  en  memoire  centrale,  la  resolution  proprement  dite  se  ramene 
done  i un  nombre  relativement  faible  d'operations  eiementaires. 

Plusieurs  ameliorations  de  la  methode  peuvent  etre  envisagees.  En  particular 
nous  avons  deja  remarque  qu’une  methode  au  second  ordre  serait  avantageuse  en  ce 
qui  conceme  le  temps  de  calcul  ; le  nombre  d’operations  a effcctuer  pour  chaque  pas 
serait  presque  double,  mais  la  representation  Jes  differentes  variables  par  serie  de 
Taylor  trts  amelioree,  et  par  consequent  le  nombre  de  pas  d’integration  pourra  etre 
trds  nettement  diminue  (dans  un  facteur  superieur  a 2),  sans  diminuet  pour  autant 
la  precision  des  resultats,  ce  qui  finalement  se  traduira  par  une  baisse  sensible  du  temps 
de  calcul.  Pour  cc  qui  conceme  la  discretisation  de  l’interieur  de  la  structure  etudiee, 
une  discretisation  par  triangles  plutot  que  par  rectangles  rendrait  mieux  compte  de  sa 
geometric  ; une  variation  lineaire  de  la  deformation  viscoplastique  a l'interieur  de 
chacun  de  ces  triangles  est  egalement  a etudier.  Par  contre.  compte  tenu  des  autres 
approximations,  la  discretisation  de  la  frontiere  par  des  segments  avec  variation 
lineaire  des  inconnues  semble  suffisante. 

L’extension  de  la  methode  au  cas  tridimensionnel  est  egalement  envisageable. 
Des  difficultes  sont  previsibles  notamment  au  niveau  des  calculs  d’integralcs  mais  les 
avantages  relatifs  a la  diminution  du  nombre  des  inconnues  par  rapport  a la  methode 
des  elements  finis  devraient  etre  encore  plus  sensibles. 

Signalons  pour  terminer  que  la  methode  que  nous  venons  de  decrire  peut  encore 
etre  utilisee  pour  toute  autre  loi  de  comportement  de  type  viscoplastique,  y compris 
pour  une  loi  faisant  intervenir  des  parametres  d'ecrouissage  obeissant  a des  equations 
devolution  supplemental  : en  utilisant  une  loi  de  ce  type,  developpee  a 1'ONERA 
par  Chabochc,  nous  avons  pu  traduire  le  comportement  cyclique  de  structures6. 
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DISCUSSION 

R.H. Wilson,  US 

I wonder  if  you  could  comment  on  the  question  of  computer  time  usage  for  doing  the  viscoplastic  analysis  as 
compared  to  an  elastic  analysis  for  the  same  geometry. 

Reponse  d'Auteur 

Les  calculs  en  elasticile  sonl  ires,  tres  hrel's,  les  calculs  que  j'ai  presentes  micessitent  moins  d'une  demi-minute  de 
calcul  sur  ordinateur  IRIS  80.  lvidemment  en  viscoplasticite  ce  temps  esl  Ires  superieur,  pour  le  dernier  calcul  nous 
avons  mis  a pen  pres  une  heure  sur  IRIS  80,  toujours. 

II  est  a noter  aussi  qu’arrive  au  stade  du  calcul  que  nous  avons  en  fin  de  f!uage,  les  phenoinenes  se  stahilisent  et 
que,  par  consequent,  les  pas  que  nous  effectuons  sont  tres  importants.  1a*  calcul  se  poursuit  rapidement.  C’est 
I’interet  du  choix  du  pas  optimal  que  nous  avons  mentionin'. 

F.Sagendorph,  US 

When  you  find  the  viscoplastic  zone  do  you  get  all  the  stresses  and  everything  else  inside  that  zone,  and  is  it  done 
automatically  in  your  programme? 

Rrpunse  d’Auteur 

Oui,  pour  calculer  les  forces  de  volume  suppUlmentaires  introduites  par  la  viscoplasticite,  je  suis  oblige  de  connaitre 
le  tenseurde  contrainte  en  ces  points,  done  je  peux  calculer  le  tenseur  de  contrainte  en  tous  points  de  la  structure. 

Je  les  calcule  par  ce  programme. 

Comment  by  E.E.Covert,  US 

I think  the  idea  of  calculating  the  plastic  stresses  in  an  evolutionary  way  allows  for  the  opportunity  in  the  future  to 
account  for  cyclic  usage  and  strain  accumulation  and  life  prediction. 

It  is  very  easy  for  us  to  say,  why  don’t  you  do  that  next.  Hut  it  is  probably  very  difficult.  For  the  designer  it  would 
all  the  way  be  useful. 
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J.J.  Blech  - Centro  Hicerche  FIAT 
G.  Martinet li  - Centro  Ricerche  FIAT 
Italy 


ABSTRACT 

The  problem  of  an  integrally  b laded  radial  compressor  under  the  influence  of  a centrifugal  force 
field  has  been  attacked  by  several  authors  with  various  simplifying  assumptions.  As  a consequence  of 
development  and  refinement  of  Finite  Element  Method,  a three-dimensional  analysis  is  at  present  possi- 
ble but  it  is  very  complicated  and  too  difficult  to  handle. 

In  this  paper  two  calculation  methods  based  also  on  FF.M  are  proposed.  The  first  adopts  a mixed 
three-dimensional  and  two-dimensional  analysis,  using  plate  elements  for  blades  and  axi symmetrical 
ring  for  the  disk  coupled  by  substructuring  technique.  The  second  implements  axi symmetric  anisotropic 
ring  elements  for  the  blades  and  the  isotropic  ring  elements  for  the  disk. 

A dynamic  analysis  of  the  blade  with  F.E.M.  is  also  presented. 

As  an  example  the  various  methods  are  applied  to  the  centrifugal  compressor  design  of  the  FIAT 
6803  engine  and  compared  with  results  of  experimental  investigation. 


INTRODUCTION 

In  the  design  of  a viable  small  gas  turbine  engine  for  helicopters  and  surface  transport,  special 
attention  must  be  given  to  the  attainment  of  low  fuel  consumption,  high  performance  and  low  cost.  An 
automotive  turbine  engine  which  is  destined  to  compete  with  the  presently  existing  piston  engines  must, 
therefore,  at  least  reach  those  engines'  achievements  in  the  aforementioned  items. 

Among  the  gas  turbine  engine  mechanical  components,  the  compressor  consumes  most  of  the  energy 
which  is  supplied  to  the  engine  by  the  fuel.  Thus,  it  is  of  utmost  importance  to  have  its  flow  passa- 
ges aerodynamically  designed  to  the  maximum  attainable  efficiency.  Structural  constraints  upon  the 
morphology  of  the  impeller  flow  passages  should  not,  therefore,  interfere  with  its  efficient  operation. 
In  addition,  the  requirements  of  high  performance  and  low  cost  impose  the  further  restrictions  that  the 
impeller  be  fabricated  from  light  low  cost  materials,  and  that  its  configuration  should  yield  a low  mo- 
ment of  inertia,  so  that  the  engine  is  capable  of  a quick  response  to  the  operator's  commands. 

In  an  attempt  to  meet  those  targets,  many  engines  which  have  been  developed  within  the  past  two 
decades  employ  an  aluminium  alloy  centrifugal  compressor  with  thin  and  curved  blades,  which  rotates  at 
high  speeds.  Such  an  impeller  will  supply  the  required  mass  flow  und  pressure  ratio  with  the  least 
amount  of  spent  energy.  It  will  respond  quickly,  and  its  material  and  fabrication  cost  are  acceptably 
low. 

The  FIAT  6803  gas  turbine  engine  which  has  been  described  in  (1)*  is  intended  for  truck  or  bus  in- 
stallation. A schematic  of  the  general  arrangement  of  the  engine  is  shown  in  Fig.  1.  The  engine  cen- 
trifugal compressor  can  be  seen  in  the  front  of  the  engine.  The  complete  gassifier  rotor  assembly  with 
its  bearings  is  shown  in  Fig.  2,  and  the  impeller  with  its  diffuser  as  mounted  in  the  test  rig  are  shown 
in  Fig.  3.  The  impeller  is  cast  of  aluminium  C355-T61  alloy.  This  alloy  contains  silicon  and  copper 
as  the  major  alloying  elements.  It  is  recommended  for  light  weight,  high  strength  castings.  Twenty  two 
blades  with  radial  exit  are  precision-cast  in  the  impeller.  Its  rotational  velocity  is  33,000  r.p.m. 
(tip  speed  * 450  m/sec).  The  diffuser  has  13  channels.  A cross  sectional  view  of  the  impeller  is  shown 
in  Fig.  4. 

The  structural  implications  of  the  constructional  constraints  which  have  been  mentioned  before  are 

as  follows  : 

- Stress  levels  must  be  kept  down.  Although  the  maximum  centrifugal  stresses  occur  in  the  hub  region, 
special  attention  must  be  paid  to  the  impeller  exit  zone  where  the  temperature  may  rise  to  levels  for 
which  the  material  strength  is  rather  reduced  and  where  the  disk  flexibility  (and,  thus,  vibrational 
susceptibility)  is  the  highest. 


* Numbers  in  brackets  indicate  references  which  are  listed  at  the  end  of  the  article 
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- Vibratory  response  of  the  blades  in  the  inducer  section,  and  of  the  disk  at  the  air  outlet  section  must 
be  contained  within  acceptable  levels. 

Ln  the  course  of  the  development  of  the  FIAT  6803  engine,  a few  impeller  failures  have  occurred. 
Those  can  be  categorized  in  two  types:  blade  failures  in  the  inducer  zone,  and  disk  rupture  near  its  out- 
er  diameter. 

Blades  failures  in  the  inducer  zone  are  shown  in  Figs.  5 and  6.  Those  failures  have  been  attributed 
to  vibratory  alternating  stresses  causing  fatigue  in  the  material.  After  taking  actions  to  avoid  those 
failures,  the  problem  has  been  eliminated  and  no  such  failures  have  re-occurred. 

Only  one  disk  failure  has  occurred,  and  it  is  shown  in  Fig.  7.  The  failure  mechanism  has  been  at- 
tributed to  either  centrifugal  stresses  acting  on  a "hot"  (and  therefore,  weak)  zone,  or  to  alternating 
vibratory  stresses  causing  material  fatigue.  A combination  of  the  two  could,  of  course,  also  be  a cause 
of  the  failure. 

This  paper  describes  some  of  the  experimental  and  analytical  work  which  has  been  carried  out  in  the 
course  of  elimination  of  the  compressor  failures. 


1.  TEMPERATURE  DISTRIBUTION 

The  compressed  air  total  absolute  temperature  reaches  a value  which  is  above  200°C.  This  fact,  com- 
bined with  the  presence  of  hot  engine  components  adjacent  to  the  impeller  back  face  chamber,  rendered  it 
necessary  to  establish  the  temperature  distribution  within  the  impeller.  The  knowledge  of  the  temperatu- 
re distribution  was  not  important  for  the  determination  of  the  thermal  stresses,  for  these  are  negligible, 
but  rather  for  the  establishment  of  the  material  strength  distribution  within  the  impeller. 

The  necessity  of  determining  the  impeller  temperatures  is  amplified  when  its  material  strength  dete- 
rioration at  elevated  temperatures  is  examined.  In  Fig.  8,  the  ultimate  and  yield  strength  of  aluminium 
355  alloy  are  plotted  vs  temperature.  It  can  be  seen  that  while  the  material  does  not  exhibit  any  appre- 
ciable drop  in  its  strength  at  the  R.T.  to  100°C  temperature  range,  those  values  drop  by  some  10*  appro- 
ximately when  a temperature  of  150°C  has  been  reached  and  then  drop  sharply  to  less  than  50%  of  their 
R.T.  values  at  a temperature  level  of  200°C.  The  drop  in  strength  continues  further  as  the  temperature 
rises. 

The  impeller  temperature  distribution  in  the  100*  speed  steady  state  conditions  was  calculated  by 
means  of  the  NASTRAN  finite  element  computer  program.  For  the  sake  of  practicality  a simpler  axisymme- 
tric  rather  than  the  more  complicated  3D  model  was  chosen.  Thus  the  impeller  rotor  was  subdivided  into 
an  assemblage  of  toroidal  rings  having  triangular  meridional  cross  sections.  The  degree  of  success  in 
the  calculation  of  the  temperature  distribution  depends  heavily  on  the  degree  of  reality  with  which  boun- 
dary conditions  are  described.  In  the  present  case  two  types  of  boundary  conditions  were  assumed:  the 

surface  of  the  impeller  which  is  in  contact  with  the  shaft  was  given  a prescribed  temperature , whereas  the 
remaining  boundary  surface  was  given  convective  boundary  conditions.  In  order  to  account  for  the  blades, 
a combined  film  coefficient  was  calculated  in  which  the  blades  are  assumed  to  act  as  a series  of  fins. 

The  influece  of  adjacent  engine  components  was  disregarded. 

The  temperature  distribution  which  resulted  from  this  modelling  is  illustrated  in  fig.  9,  where  iso- 
thermal contours  are  traced  over  the  impeller  medidional  cross  section.  The  maximum  temperature  which 
was  calculated  within  the  impeller  is  140°C.  No  experimental  verification  of  this  value  has  been  carried 
out  as  yet . 

The  thermal  stresses  within  the  impeller  were  calculated  and  indeed,  as  mentioned  before,  showed  to 
be  neglible.  Therefore,  we  dispose  with  their  presentation  here. 


2.  CENTRIFUGAL  STRESS  DISTRIBUTION 

The  stress  distribution  within  a radial  turbomachine,  due  to  its  rotation,  is  fully  three  dimensio- 
nal with  the  eventual  simplifications  that  blades  may  be  modelled  as  shells  and  that  the  disk  stresses 
exhibit  periodicity. 

The  authors  find,  however,  that  the  use  of  avai’able  computer  software  for  a full  3D  structural 
stress  analysis  of  impellers  is  premature.  The  accuracy  of  results  is  subject  to  doubt  and  their  resolu- 
tion is  weak.  The  difficulty  lying  mainly  in  limited  computer  capacity  and  still  inadequate  modelling 
techniques  for  the  structure.  Also,  it  required  large  investments  and  a great  amount  of  time  in  obtain- 
ing results.  To  cite  one  example,  Chan  and  Henrywood  (2),  using  the  finite  element  technique,  reported 
12  man  working  days  to  set  up  the  problem  and  five  hours  of  computer  running  time,  for  analyzing  an  im- 
peller. Even  their  geometric  model  is  simplified  by  assuming  the  blades  to  be  flat  and  to  lie  in  radial 
planes,  and  the  disk  geometry  to  be  axi symmetric . This  assumption  permitted  them  to  employ  simple  cir- 
cumferential as  well  as  blades  elemental  geometry.  Only  one  element  spanning  to  whole  segment  circum- 
ferentially has  been  used  by  them  for  modelling  purposes  in  the  disk.  A compensation  for  the  small  num- 
bers of  elements  was  gained  by  assigning  90  degrees  of  freedom  to  each  disk  element. 


The  structural  calculations  which  were  performed  in  the  course  of  the  development  of  the  6803  engine 
impeller  ranged  from  the  development  and  implementations  of  fast  on-line  computer  programs  to  a detailed 
finite  element  analysis  by  the  substructures  method. 

Thus  experience  was  gained  as  to  the  degree  of  manoeuvreabi 1 i ty  and  accuracy  of  the  various  approxi- 
mut  ions  . 


3.  DISK  STRESSES 

The  disk  meridional  and  tangential  stresses  along  its  back  face  are  plotted  in  Figs  10  and  11  * 
von-Mises  stresses  were  also  calculated  but  are  not  presented  here.  We  discuss  below  the  various  approa- 
ches which  were  employed  to  get  the  results  which  are  presented  in  those  figures. 

In  the  first  stages  of  the  investigations  a finite  difference  one-dimensional  approach  which  is  de- 
scribed in  (3)  as  applicable  to  radial  turbomachinery  was  programmed  for  the  computer.  This  analysis  al- 
though being  ID,  takes  formally  into  account  the  complex  contour  of  the  disk  meridional  cross  section, 
the  blades  stiffening  and  additional  loading  effect  and  eventual  circumferential  bolt  holes  including  the 
bolts  themselves.  To  enable  the  handling  of  such  a compound  situation  with  a relatively  simple  tool, 
many  simplifying  assumptions  were  made.  Those  assumptions  give  rise  to  doubts  concerning  the  accuracy  of 
the  results,  let  alone  the  applicability  of  the  proposed  approximation  to  the  present  situation.  Much 
engineering  intuition  and  modelling  experience  is  needed  when  embarking  on  this  approach.  The  impeller 
disk  is  considered  throughtout  as  a shallow  thin  shell  (approximate  shallow  conical  shell  equations  are 
used).  This  is  hardly  the  case  in  many  impellers.  The  bladed  sections  are  handled  as  T beam  sections 
and  their  loading  as  well  as  geometry  is  then  spread  all  over  the  disk  front  face  circumference.  The 
advantage  in  using  this  method  lies  in  the  possibility  of  speedy  on-line  calculations.  Thus,  within  a 
minimal  amount  of  time,  results  arc  obtained,  and  the  effect  of  a great  many  design  changes  can  be  quick- 
ly assessed.  One  of  the  curves  in  each  Fig.  10  and  11  presents  the  results  of  this  analysis  (see  Case  1). 

The  second  stage  of  the  computation  involved  a finite  element  axi symmetric  model.  The  details  of 
the  numerical  finite  element  presentation  can  be  found  in  (4>.  This  model  is  more  time  consuming  than 
the  previous  one  in  both  problem  set  up  and  computer  running  time.  However,  those  increases  may  be  con- 
sidered minute  and  perhaps  unimportant.  The  crux  of  the  problem  lies  in  the  knowledge  of  a correct  and 
efficient  way  of  presenting  the  effect  of  the  blades  upon  the  disk.  One  may  consider  this  effect  as  be- 
ing a three  folded  one.  First,  the  blades  impose  a radially  outward  traction,  upon  the  disk,  which  will 
increase  its  stresses.  Second,  this  traction,  which  acts  over  the  front  face,  imposes  a bending  moment 
on  the  disk.  Fortunately,  in  the  present  case,  this  bending  moment  counteracts  the  disk  inherent  moment 
due  to  its  rotation  which  causes  its  forward  bending.  Thus,  this  effect  of  the  blade  load  acts  to  redu- 
ce the  disk  stresses.  Finally,  the  blades  offer  an  additional  stiffness  to  the  disk,  which  further  re- 
duces the  disk  stresses. 

In  using  the  axisymmctric  finite  element  computer  progr;un  a study  was  carried  out  of  the  various 
effects  listed  above,  as  well  as  the  total  blades  action  upon  the  disk.  At  first,  the  disk  was  run  by 
itself,  without  blades.  Forward  bending  of  the  disk  showed  up.  Back  face  stresses  are  shown  in  Figs. 

10  and  11  (see  case  2).  Back  face  axial  displacement  is  plotted  vs  the  radius  in  Fig.  12,  from  which 
the  disk  forward  bending  is  clearly  seen  (case  2)  and,  as  expected,  is  the  highest  of  all  other  cases 
considered.  In  a second  run  the  blades  load  upon  the  disk  was  imposed.  This  load  was  computed  by  as- 
suming the  blades  to  be  an  assemblage  of  independent  radial  rays,  calculating  the  centrifugal  force 
which  each  of  those  strips  exerts  upon  its  root,  and  finally  apportioning  it  to  the  disk  front  face  in 
a ring-wise  manner  at  the  appropriate  nodal  points.  The  result  was  an  obvious  reduction  in  the  forward 
bending  of  the  impeller  disk  as  illustrated  in  Fig.  12,  case  3.  The  disk  stresses  were  somewhat  augment- 
ed (see  case  3 in  Figs.  10,  11). 

In  a further  attempt  to  better  account  for  the  blades  load  distribution  over  the  impeller  front  sur- 
face as  well  as  for  their  stiffness,  and  still  using  an  all  axisymmctric  model,  the  entire  impeller  meri- 
dional view  (blades  and  disk)  as  shown  in  Fig.  4.  was  assumed  to  be  one  body  of  revolution.  The  blades, 
however,  were  assumed  to  be  made  of  transversally  orthotropic  materials.  The  blades  centrifugal  load  was 
simulated  by  assigning  to  the  blade  elements  a reduced  mass  density.  The  density  reduction  factor  ranged 
from  a low  value  of  .04  for  elements  near  the  disk  tip  to  a maximum  value  of  .21  at  the  hub  zone.  Simi- 
lar to  the  density  reduction  the  blade  elements  meridional-plane  modulus  of  elasticity  was  reduced  in 
accordance  with  their  location.  The  clastic  modulus  which  is  associated  with  the  tangential  direction 
was  set  to  be  practically  equal  to  zero,  thus  incapacitating  the  blade  material  to  build  up  any  circum- 
ferential stresses.  Poisson's  ratio  in  the  meridional  plane  was  assumed  to  be  equal  to  that  of  the  bulk 
material  and  the  one  associated  with  the  circumferential  direction  was  eliminated.  Results  of  this  model 
arc  given  in  Figs.  10,  11  and  12  (case  4).  Figs  10,  11  and  12  include  also  results  for  the  case  when  the 
"blade  materials"  were  assumed  to  have  no  mass  density  at  all  and  thus  the  stiffening  effect  of  the  bla- 
des upon  the  disk  could  be  studied  by  itself  (case  5). 


The  impeller  nomenclature  which  is  used  throughout  this  article  is  identical 
to  the  one  which  was  used  in  (2) 


11-4 


At  the  end,  an  investigation  was  performed  to  determine  the  amount  of  stress  which  results  from  the 
disk  bending.  The  disk  back  face  was  prevented  from  moving  axially  and  the  disk  stresses  were  calculat- 
ed. The  resulting  back  face  stresses  are  shown  in  Figs.  10  and  11  (case  6).  They  are  smaller  than  any 
of  the  previously  calculated  stresses. 

The  final  stage  of  the  analysis  utilized  the  NASTRAN  system  and  implemented  the  method  of  substruc- 
tures. In  this  method  axisymmetry  in  the  disk  structural  response  was  still  assumed  and  the  blades  shell 
structure  was  modelled  by  an  assemblage  of  interconnected  plate  facets.  The  interaction  between  disk  and 
blades  is  such  that  compatibility  is  maintained  between  blades  displacements  at  their  roots  and  disk 
front  face  displacements.  Moreover,  the  principle  of  virtual  work  as  applied  to  the  entire  structure 
containing  disk  and  blades  is  satisfied.  The  authors  find  this  method  as  the  most  advanced,  short  of  a 
fully  3D  method,  which  can  be  still  satisfactorily  used  for  impellers.  The  disk  back  face  stresses  and 
axial  displacements  are  plotted  in  Figs.  10,  11,  12  (case  7).  Blade  stresses  are  reported  in  the  next 
paragraph.  Radial  and  tangential  stress  contour  maps  as  calculated  by  this  method  are  illustrated  in 
Figs.  13  and  14. 

4.  BLADE  STRESSES 

A simple  preliminary  calculation  of  the  blade  stresses  can  be  performed  by  slicing  the  blade  into 
independent  radial  rays  and  then  analyzing  each  ray  by  itself.  The  blade  root  stresses  calculated  this 
way  are  shown  in  Fig.  15.  This  assumption  basically  neglects  the  axial  stresses  in  the  disk. 

The  axisymmetric  finite  element  computer  program  where  blades  were  also  modelled  as  an  axisymmetric 
structure  can  also  be  utilized  to  determine  the  blade  stresses.  The  maximum  principal  stress  is  plotted 
in  Fig.  15. 

A third  calculation  of  the  blade  stresses  was  performed  by  the  NASTRAN  program,  assuming  these  bla- 
des clamped  onto  a rigid  disk  front  face  and  idealizing  them  as  interconnected  plane  facets.  The  results 
of  this  calculation  are  presented  in  Fig.  16  in  the  form  of  a contour  map.  In  fig.  15  the  blade  stresses 
at  .the  disk  front  face  junction  are  given.  In  this  assumption  the  disk  forward  bending  action  which  will 
tend  to  increase  the  blade  bending  stresses  at  their  roots  is  neglected. 

Finally,  the  blade  stresses  resulting  from  the  calculation  by  the  method  of  substructures,  the  de- 
tails of  which  were  discussed  in  the  preceeding  paragraph,  are  illustrated  in  fig.  17.  Again,  their  ma- 
jor stresses  at  the  disk  junction  are  shown  in  Fig.  15. 


5.  VIBRATORY  BEHAVIOUR 

A detailed  experimental  and  theoretical  investigation  has  been  devoted  to  the  blades  vibratory  re- 
sponse at  the  inducer  section.  This  being  the  case  since  the  failures  illustrated  in  Figs.  5 and  6 were 
attributed  to  vibratory  stresses  causing  fatigue  in  the  blade  material. 

The  experimental  studies  involved  holographic  and  acoustic  measuring  of  the  impeller  natural  frequen- 
cies and  mode  shapes.  The  theoretical  investigations  included  the  calculation  of  the  blades  natural  fre- 
quencies and  mode  shapes.  The  NASTRAN  system  was  used  for  these  calculations.  For  the  sake  of  simplicity 
the  blades  were  assumed  to  be  clamped  at  their  roots,  thus  modelling  of  the  impeller  disk  was  dispensed 
with.  The  experimental  and  theoretical  results  are  given  in  table  1.  Correlations  betwe*en  the  various 
methods  seem  to  be  satisfactory.  In  the  acoustic  measuring  technique,  each  individual  blade's  fundamen- 
tal natural  frequency  has  been  recorded,  and  thus  a comparison  between  seemingly  similar  blades  could  be 
made.  The  lowest  frequency  measured  was  1705  Hz,  the  highest  1885  Hz.  Damping  of  the  vibrations  was  al- 
so measured.  Fig.  18  illustrates  the  impeller  mode  shapes  as  obtained  by  holography. 

To  remedy  the  blade  failures  it  has  been  proposed  to  make  them  stiffer  by  thickenning  their  root  zo- 
ne. In  table  1,  experimental  and  calculated  values  for  reinforced  blades  are  given. 

A second  proposal  was  to  cut  out  a portion  of  the  blade  at  the  inlet.  Various  cut-outs  have  been 
analyzed,  and  finally  one  has  been  proposed  and  performed.  With  this  cut-out  the  blade  has  been  stiffen- 
ed and  its  natural  frequencies  raised  (see  Table  1).  Up  to  date,  no  blade  failure  has  been  experienced 
with  this  modification.  Deeper  cut-outs  could  be  performed  if  further  blade  failures  are  to  occur  in  the 
future . 


6.  DISCUSSION  OF  RESULTS 

Whereas  the  blade  failure  problem  is  considered  as  contained  at  present,  the  mechanism  of  the  disk  fai- 
lure remains  to  be  determined.  Failure  cause  could  be  attributed  to  either  of  the  two  following  items  or 
to  both  : 

1.  Centrifugal  stresses  acting  on  a "hot"  (and  therefore,  weak)  zone 

2.  Material  fatigue  due  to  vibration 
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An  experimental  verification  is  necessary  in  order  to  determine  the  severity  of  each  of  the  previou- 
sly mentioned  items. 

It  does  not  seem  to  be  necessary  to  determine  the  disks  centrifugal  stresses  experimentally.  The 
theoretical  values  which  have  been  obtained  suffice  in  their  accuracy.  However,  some  doubts  arc  present 
concerning  the  temperature  distribution  in  the  disk  which  depends  on  the  correct  statement  of  the  bounda- 
ry conditions.  And  since  the  material  strength  becomes  sensitive  to  the  temperature  at  levels  near  to 
which  the  gas  total  temperature  is,  it  seems  to  be  worthwhile  to  perform  a temperature  measurement  on  the 
disks  back  face  in  order  to  verify  the  assumed  boundary  conditions. 

In  a similar  manner  - the  measured  holographic  impeller  natural  frequencies  and  modes  (Kig.  18b) 
could  interact,  according  to  a vibrogram,  with  the  13  diffuser  channels.  However  no  monitoring  of  the 
disk  vibrations  had  been  made.  Also,  it  is  hard  to  identify  a fatigue  failure  in  this  material,  by  exa- 
mining the  fractured  zone.  Thus,  a measurement  of  the  disk  vibrations  is  necessary  before  establishing 
the  severity  of  disk  resonances. 

As  far  as  stress  calculations  are  concerned,  the  ID  approach,  in  which  simplifying  assumptions  were 
ommassed,  underpredicted  the  disk  maximum  stresses  by  some  20%  (Kig.  11),  and  rendered  it  stiffen  (Kig. 
12).  In  addition,  this  investigation  demonstrated  that  an  axi symmetric  model  of  the  impeller  disk  with 
the  assumption  that  blades  are  also  represented  by  an  axisymmetric  an  isotropic  material,  gave  sufficien- 
tly accurate  results  for  both  the  disk  stresses  and  the  blade  maximum  stresses.  The  impeller  "umbrella" 
vibrational  natural  frequencies  were  also  calculated  by  this  method  and  showed  satisfactory  correlation 
with  measurements,  the  error  being  within  5%  (Table  1). 

It  is  also  worthwhile  to  mention  that  this  impeller  possesses  a moderate  amount  of  convexity,  and 
thus  the  portion  of  disk  bending  stresses  as  compared  to  the  tensile  stresses  is  not  large.  In  turboma- 
chines having  concave  back  face  profiles,  the  effect  of  bending  will  become  more  pronounced. 

Calculating  the  blades  stresses  as  if  they  are  clamped  to  a rigid  disk,  gave  a distorted  and  grossly 
underestimated  stress  distribution  at  the  blades  roots.  The  disk  interaction  with  the  blades  strongly  in- 
fluenced the  maximum  stresses  which  were  obtained  in  the  blades. 
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TABLE  1 - IMPELLER  NATURAL  FREQUENCIES  (HZ) 


FIG.  8 - Strength  of  Aluminium  355  Alloy  vs.  Temperature  FIG.  9 - Temperature  Distribution  within  the  Impeller 
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FIG. 10  - Radial  Stresses  along  Disk  Back  Face  FIG. 11  - Tangential  stresses  along  Disk  Back  Face 
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FIG. 1 5 - Blade  Hoot  Stresses 


FIG. 16  - Blade  Stresses  when  Rigidly  Fixed  FIG. 17  - Blade  Stresses.  Method  of  Substructures 
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FIG. 18  - Impeller  Vibratory  Modes  as  Obtained  by  Holography 
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DISCUSSION 


A.F.Storace,  US 

What  substructuring  method  did  you  use? 


Author's  Reply 

Substructuring  was  done  by  having  the  disk  structure  represented  by  axisymmetric  ring  elements  whereas  the  22 
blades  shell  structures  were  represented  by  one  ensemble  of  triangular  plane  facets.  No  attempt  was  made  to  find 
circumferential  variations  in  stresses. 


R.D.McKen/.ie.  UK 

Mow  were  blade  frequencies  calculated? 


by  an  ensemble  of  triangular  plane  facets.  The  boundary  condition 
fixity.  The  NASTRAN  program  was  then  used  to  obtain  the  results 


Author’s  Reply 

The  shell  structure  of  the  blades  was  represented 
at  the  blade  disk  interface  was  assumed  as  a rigid 
which  are  presented  here. 


E.E.Covert,  US 

How  did  you  calculate  heat  transfer  boundary  conditions  for  thermal  calculations? 

Author’s  Reply 

Blades  were  modelled  as  fins  extending  out  of  the  disk-blade  interface.  An  effective  heat  transfer  film  coefficient 
was  then  calculated  combining  the  heat  input  of  the  compressed  air  into  the  disk  front  face  and  into  the  blades 
surfaces. 

The  disk  back  face  film  coefficient  distribution  was  calculated  in  accordance  with  an  air  flow  assumed  there. 
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PREDICTION  OF  AEROKLASTIC  INSTABILITIES  IN  R0TORCRAFT 
ENGINE  DESIGN 
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SUMIARY 

Das ign  of  modem  rotorcraft  engines  requires  that  aeroelaatic  conaiderationa  be  included  for  prediction 
of  instabilities  due  to  engines-rotors-airf  raise  interference. 

Coi^>utational  approaches  are  presented  which  have  generality  in  the  selection  of  strees  analysis  meth- 
ods and  are  applicable  to  rotorcrefta  involving  a large  nuefcer  of  operation  variables. 

An  instability  criterion  for  the  prediction  of  fatigue  effects  of  alternating  stresses  on  engine  struc- 
tural integrity  is  identified  and  applied  to  the  corresponding  airframe  behavior  during  high  speed  forward 
flight  and  severe  rotorcraft  maneuvers. 


LIST  OF  SYMBOLS 


p 

rotor  power 

cL 

■ lift  coefficient  - 2L/p  V2cb 

Q 

rotor  drag  torque 

L 

• rotor  lift  coefficient  • 200 

M.H 

bending  moment,  torsional  moment 

Cm 

• pitching  moment  ■ 2M/p  V*cb 

TM 

blade  torsional  moment 

0 

- pitch  angle,  torsion  angle 

t.l.d 

■ thrust,  lift,  drag 

♦ 

- azimutal  angle 

G 

centrifugal  tension 

“v 

- tilt  angle 

S 

shear  force 

u 

• natural  frequency 

F 

blade  loading 

u,v,w 

- displacements 

L 

twisting  moment 

j.k 

• unit  vectors 

C 

EJ 

V 

torsional  moment  of  inertia 
per  unit  length  span 
bending  stiffness 
torsional  rigidity 

e 

• offset 

V 

V 

velocity 

flow  induced  velocity 

SUBSCRIPTS 

n 

rotor  angular  velocity 

av 

- available,  average 

u 

tip  speed  ratio 

h 

■ hovering,  horizontal 

m 

mass  per  unit  length 

i 

■ induced 

*n° 

associated  frequency 

r 

• radius,  ring 

aerodynamic  moment 

P 

“ profile,  precone 

dp 

presaure  jump  through  the  rotor  disk 

d 

- descent 

P 

density 

f 

• forward 

A.S 

rotor  disk  area 

t 

" tip 

W 

weight 

c 

■ climb 

c,n 

blade  chord,  blade  number 

2 

- ultimate  wake 

C 

lift  or  drag  coefficient 

D 

- drag 

b 

blade  span 

t 

• thrust 

R,r 

blade  radius 

1 

- lift 

s 

r/R 

tn 

“ moment 

0 

solidity  ratio  • nc/xR 

* 

- azimuth 

S 

flapping  angle 

e 

- elastic 

INTRODUCTION 

The  author  experience  on  helicopter  damages  occurred  in  accidents  caused  by  particular  factors,  and  at- 
tributed to  flight-crew  error  or  materiel  failure  and  malfunctioning,  has  enhanced  the  convinction  that  the 
rapid  tri">  change  determined  by  the  pilot  is  often  interfering  on  engine  in  such  way  to  give  inadequate  fuel 
feeding  uuring  the  corresponding  transient  maneuver.  In  fact,  the  rotor  blade  aeroelasticity,  as  result  of 
cyclically  variable  airloads,  makes  hard  the  engine  control  actuation. 

The  helicopter  is  practically  a flying  engine,  an  all  engine  aircraft,  figure  1,  in  which  the  operating 
drag  torque  is  largely  variable  during  high  speed  forward  flight,  sudden  upgust  and  unstable  behavior.  The 
fundamental  limitation  on  maneuverability  is  the  rotor's  maximum  equilibrium  thrust  capability,  as  instanta- 
neously delivered  by  gas  turbine  engines  running  at  much  higher  rpm. 

Fatigue  limits  imposed  on  helicopter  engines  are  more  severe  than  in  other  automotive  applications,  be- 
cause of  the  vibration  level  induced  in  the  engine  core,  also  in  normal  flight  conditions. 


In  forward  flight,  the  behavior  of  hingeleaa  ro- 
tor i»  better  than  articulated  rotor,  but  the  wrong 
way  to  fly,  aa  a conventional  rotorcraft  does.istobe 
overcome  by  a rotating  flexible  disk  with  pitch  angle 
changing  during  each  revolution.  Abrupt  maneuvers 
have  to  be  avoided  by  the  pilot  of  present  convention 
al  helicopters. 

Engine  control  is  crucial  in  transient  operating 
conditions.  For  determining  its  influence  on  fatigue 
and  lifetime  of  the  rotating  parts,  we  start,  in  this 
paper,  with  a short  review  of  single  rotor  helicopter 
operation  in  toiiform  flight,  to  consider  afterwards 
flight  instabilities  and  cyclically  changing  required 
power  due  to  airloads  and  aeroelast icity . 

Because  of  the  rotot-fuselage  integration,  aero- 
elastic  instabilities  and  fatigue  limits  in  rotorcraft 
engines  might  be  predicted  for  a more  rel iable  cont ro  1 
system  design. 

FLIGHT  OPERATION  OF  CONVENTIONAL  SINGLE  ROTOR 
HELICOPTERS 
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In  order  to  obtain  a rotor  inclination  for  for-  IIMna 

ward  flight,  the  blades  must  climb  from  point  A to 

point  B and  then  dive  from  point  B to  point  A,  figures  2 Fig.  , The  helicopter(  practically  an 

and  3,  due  to  pitch  changes  which  result  in  angle  of  j engjne«  .jrcraft 

attack  variations. 

Such  pitch  control  during  a complete  cycle  (revolut- 
ion) has  been  called  the  cyclic  pitch  stick;  and  the 

change  of  blade  pitch  is  known  as  feathering.  With  respect  to  the  rotor  head,  the  blades  must  flap  downward 
in  diving  from  B to  A and  flap  upward  in  moving  from  A to  B. 

Two  types  of  control  are  necessary  for  the  operation  of  the  main  rotor  during  forward  flight: 

- collective  pitch  stick,  to  govern  the  amount  of  lift  generated  by  pitching  cont empo rarely  all  the  blades; 

- cyclic  pitch  stick,  to  control  the  amount  of  forward  thrutt  by  changing  the  pitch  of  each  blade  individual 
ly  during  one  cycle. 

For  the  conmonly  used  control  by  cyclically  changing  blade  pitch,  the  hub  may  remain  fixed  to  the  shaft, 
and  the  blade  pitch  will  be  varying  cyclically  by  special  means,  figure  4.  This  means  consists  of  blades 

attached  to  the  hub,  which  are  free 
to  flap  and  free  to  change  their 

Cmmm  itswiai  pitch  angles.  The  blades  are  held 

"M  \ _ \ r/5riS."«!n  in  pitch  through  a linkage  connect- 

«•*•» - — 1 ing  them  to  the  swash-plate. 

, - t,  --e-  /V  J Tj  ,1  A fixed  plate,  surrounding  the  main 

- ^.1  rotor  shaft,  can  be  raised,  lowered 

,1,w  or  tilted,  by  action  of  the  control 
*•««  rods.  A rotting  plate,  attached 

to  the  fi*ed  plate  through  bearings, 
Fltlut  rau  can  be  identically  moved,  figure  5. 

J MX, I 

Figure  6 illustrates  the  method 

Fig.  2.  Forward  flight  Fig.  3.  Blade  flapping  by  which  both  collective  and  cyclic 

pitch  are  induced  into  the  rotor 
blades.  Ref.  1.  Three  control  rods 

from  the  control  sticks,  via  the  mixing  unit,  are  attached  to  the  fixed  plate.  These  input  rods  to  the  fix- 
ed plate  are  located  in  positions  as  indicated  in  figure  7.  f 
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Fig.  S.  Blade  setting 


Fig.  6.  Collective  and  cyclic  pitch 
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The  fixed  plate  has  four  attachment  points.  Three  of  the  points  are  connections  for  the  input  rods,  while 
the  fourth  is  reserved  for  the  stationary  scissory  permitting  the  plate  to  translate  and  tilt  but  not  to  ro- 
tate. In  figure  5 and  6,  the  fixed  plate  is  low  and  level;  the  collective  stick  and  the  cyclic  stick  are 
there  respectively  full  low  and  neutral. 

By  means  of  the  mixing  unit,  cyclic  and  collective  control  may  be  used  in  any  combination  desired. 

The  blades  at  the  lowest  flapping  point  (A  in  figure  3)  are  not  at  their  lowest  pitch;  as  we  . ,s  the 
blades  at  the  highest  flapping  point  (B)  are  not  at  their  highest  pitch.  This  is  because  of  the  precession 
property  of  the  gyroscope,  according  which  an  applied  force  is  determining  its  consequential  displacement  90 
degrees  in  the  direction  of  rotation  from  the  point  where  the  force  is  applied.  For  example,  in  the  rotat- 
ing disk  of  figure  8,  an  upward  force  applied  to  the  right  side  of  the  disk  would  cause  it  to  tilt  upward  90 
degrees  of  rotation  from  the  point  where  the  force  would  be  applied.  Thus,  to  achieve  a forward  rotor  tilt, 
the  force  (pitch  change)  causing  the  blades  to  flap  downward  over  the  nose  must  be  applied  to  the  rotor  on 
the  right  side  of  the  helicopter;  while  the  force  causing  the  blades  to  flap  upward  over  the  tail  must  be  aj> 
plied  on  the  left  side  of  the  helicopter.  The  blades  will  flap 
to  the  highest  and  lowest  position,  90  degrees  of  rotation  from 
where  the  pitch  changes  are  applied.  The  cyclic  pitch  causing 

blade  flap  must  be  placed  on  the  blades,  90  degrees  of  rotation  b£  ■*<'«<• 

fore  the  lowest  and  highest  flap  are  desired.  For  instance,  - ,,r- /\  1 

when  the  pilot  pushes  the  cyclic  stick  forward,  the  action  will  jT  1 

tilt  the  plate  assembly  in  downward  direction  so  as  to  place  the  1 J 

lowest  cyclic  pitch  on  the  blade  over  the  right  side  of  the  hel_  5JS,  1 TZn'Smm 

icopter. 

Referring  to  figures  7 and  9,  the  plate  input  rods  (servos) 
are  located  at  95  degrees  angle  to  the  longitudinal  and  lateral 

axes  of  the  aircraft,  for  actuating  up  and  down  the  lever  tips  Fig.  7.  Rotor  control  input  positions 

which  determine  the  blade  feathering  (pitch  change).  The  rela- 
tive power  steering  for  the  servos  may  utilize  pressures  as 

high  as  1,500  - 3,000  psi.  FMWH 

Through  the  swash-plate  method  of  rotor  control,  figure  4,  it  RESRORSE  HIRE 

is  easy  to  see  how  the  addition  of  collective  pitch  causes  M« 

greater  thrust,  figure  3.  This  is  because  all  blades  receive  a 
pitch  increase  simultaneously.  In  the  flight  control  rigging 

of  a helicopter,  the  blades  must  be  set  at  a predetermined  an-  F1RCI 

gle,  with  collective  pitch  stick  in  its  full  low  position,  the 

plate  level,  and  the  cyclic  pitch  stick  in  neutral;  so  that  the  4^ 

plate  has  no  tilt,  figures  5 and  6.  The  pitch  control  rods  are  RESRORSE  HERE 

then  adjusted  to  place  the  rotor  blade  angle  at,  say,  approxi- 
mately 8 degrees  above  plane  parallel  with  the  rotor  plate  as-  _.  „ _ 

, , . , . . . . Fig.  8.  Rotor  gyroscopic  precession 

sembly.  The  required  angle  is  chosen  because  it  will  produce 

normal  autorotation  rpm,  considering  blade  twist. 

For  forward  flight  as  an  example,  figure  9,  utilizing  the  rigging  figures  of  a current  Sikorsky  helicopter. 
Ref.  I,  the  corresponding  mavement  of  the  cyclic  stick  has  placed  the  pitch  of  the  reference  blade  over  the 
r>. ghr  side  minus  5)  degrees  below  a plane  parallel  to  the  rotor  plate  assembly.  Moving  the  cyclic  stick 
jrward  makes  the  blade  on  the  right  side  reduce  pitch  to  minus  5)  degrees:  a pitch  change  of  13}  degree  b£ 
.ov  the  neutral  reference  of  plus  8 degrees.  It  stands  to  justify  that  the  blade  on  the  left  side  would 
i'avr  a reading  of  plus  21}  degrees;  13}  degrees  above  the  neutral  reference  of  plus  8 degrees, 
i c addition  of  collective  pitch  influences  only  the  amount  of  thrust  being  produced  by  the  rotor. 

Pitch  change  is  the  only  action  controlled  directly  by  the  pilot.  The  other  two  actions,  permitting 
the  blades  to  flap,  and  to  lead  and  lag  in  the  plane  of  rotation,  occur  as  natural  function  of  pitch  change 
and  forces  incurred  during  rotor  operation,  figures  10  and  11. 

4k 

The  original  development  of  helicopters  owes  much  to  the  inm  nm 

introduction  of  hinges,  about  which  Che  blades  of  an  articulated  ♦ 

• 'I*  *"  •**  J 

rotor  are  free  to  move,  eliminating  the  roll  moment  in  forward  .»• '"\  11/  / •«• 

flight  and  relieving  the  large  bending  stresses:  an  important  .t* 

step  in  the  evolution  of  helicopters.  Several  problems  are  N/**  

posed  by  the  presence  of  hinges,  figure  10,  and  dampers  which  j! 

are  also  fitted  to  restrain  the  leading  and  lagging  motion,  fi£  / j/l'i'i**  ~^w4l. ui  \ " 

12. 

In  recent  years,  improvements  in  blade  design  and  construction  V ""■P' ’[j  \ jjjmi  ^ 

have  enabled  rotors  to  be  developed  which  dispense  with  the  " \ I;  / 

I)  Ult  /.  > |R 

flapping  and  lagging  hinges.  These  hingeless  rotors,  figures  /\ {; 

13  and  14,  haye  blades  which  are  connected  to  the  shaft  in  can-  ’*  J 

tilever  fashion,  but  which  have  flexible  elements  near  the  root,  -\f  J .»• 

allowing  considerable  flapping  and  lagging  freedom,  as  the  flap  ♦ 

hinge  and  the  drag  (lead-lag)  hinge  in  the  fully  articulated  ro  wmit  lutms 

tors.  Fig.  9.  Pitch  change  for  forward  flight 

Now,  a blade  which  is  free  to  flap  experiences  large  Coriolis  in  respect  to  a neutral  refer- 

moments  in  the  plane  of  rotation,  and  a further  hinge,  called  ence  of  ♦ 8* 
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Fig.  8.  Rotor  gyroscopic  precession 
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Fig.  9.  Pitch  change  for  forward  flight 
in  respect  to  a neutral  refer- 
ence of  ♦ 8* 


the  drag  (or  lead-lag)  hinge,  is  therefore  provided  to  relieve  these  moments.  These  rotor  hinges  are  real 
in  the  articulated  rotor  (figure  10)  and  elastically  equivalent  in  the  hingeless  rotor  (figure  14).  Tssen- 
tially,  the  drag  hinge  is  required  in  order  that  the  blade  may  seek  a position  of  equilibrium  aft  of  the 
radial  line,  figure  11,  in  powered  flight  and  autorotation,  because  of  centrifugal  and  aerodynamic  drag  mo- 
ments. 

Offset  distances,  for  both  the  hinges,  real  or  elastically  equivalent,  are  necessary  for  avoiding  movements 
of  the  fuselage  during  the  flight.  Moments  acting  through  the  offset  distances,  will  tend  to  line  up  the 
plane  of  the  rotor  head  with  the  plane  of  rotation. 

A single  rotor  helicopter  must  have  some  means  of  compensating 

* . ....  . , ...  . ^VERTICAL  NIN6E 

for  main  rotor  torque:  this  is  the  tail  rotor,  with  its  thrust  X » M 

.......  X i yiOlMAl  OIRECTION 

applied  in  the  direction  against  the  force  created  by  main  ro-  \ 

tor  torque,  figure  2. 
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Fig.  11.  Lead- lag  motion  in  ground 


The  required  airspeed  to  remain  airborne  in  hovering 
flight,  through  lift  by  air  flowing,  is  produced  by  rotating 
the  blades  through  the  air.  The  tip  velocity  may  reach  values 
as  high  as  450  miles  per  hour  at  normal  rpm  and  525  miles  per 
hour  in  autorotation. 

The  increase  of  lift,  from  the  root  to  the  tip  of  the  blade, 

varies  with  the  radius  (or  speed)  squared.  Because  also  in-  »"*ri  rismss 

duced  drag  varies  as  the  square  of  the  speed,  large  amounts  of 

induced  drag  will  be  experienced  near  the  tips  of  the  blades.  „ . . 

D r..  . ...  Fig*  10*  Blade  motion  in  articulated 

Profile  drag,  varying  as  the  cube  of  the  speed,  makes  drag 

, . ...  rotors 

losses  increasingly  serious. 

Such  profile  drag  losses  and  that  portion  of  the  total  induced  ^ 

drag  losses  caused  by  non- uniformity  of  inflow  may  be  reduced 

by  twisting  the  blade,  so  that  higher  pitch  angles  exist  at  / 100* 

the  root  of  the  blade  than  at  the  tip.  Blade  twist  increases  / / 

both  the  induced  velocity  (accelerated  air)  and  the  blade  load  / / 

ing  near  the  inboard  section  of  the  blade.  In  a ideally  twisty  / / 

ed  blade  the  lift  varies  with  the  radius.  ■■hhrmhb^^IriM 

The  blade  twist  pertaining  to  hovering  flight  extends  its  \ \ 

benefits  to  forward  flight  in  the  form  of  better  rotor  effi-  \ \ ^ 

ciency.  Because  the  rotor  blade  tips  operate  at  lower  angles  \ 

of  attack,  this  area  is  unloaded  sufficiently  to  postpone  the  \ 

occurrence  of  blade  tip  stall.  Losses  due  to  compressibility 
are  also  reduced  because  reduced  lift  coefficients  cause  the 

critical  Mach  nunfcer  of  the  blade  to  increase.  The  relative  Fig.  1K  Lead_lag  motion  in  ground 

wind,  created  by  forward  flight,  effects  not  only  the  rotor  resonance 

blades  but  the  entire  helicopter.  For  instance,  forward 
flight  at  100  miles  per  hour  is  creating  an  airspeed  differen- 
tial of  200  miles  per  hour  between  the  tip  of  the  blade  on  the  right  (advancing)  side  of  the  helicopter  and 
the  tip  of  the  blade  on  the  left  (retreating)  side.  Because  lift  (and  thrust) varies  as  the  square  of  the  ve 
locity,  the  variation  or  dissymmetry  of  lift  between  the  two  sides  of  the  rotor  disk  becomes  a serious  prob 
lem.  Dissymmetry  of  lift  is  caused  by  the  fact  that  in  forward  flight  the  aircraft  relative  wind  is  addi- 
tive to  the  rotational  relative  wind  on  the  advancing  blade,  and  subtractive  on  the  retreating  blade.  Leav- 
ing the  nose  of  the  aircraft,  the  blade  experiences  a progressively  decreasing  amount  of  airspeed  which 
reaches  its  lowest  value  over  the  left  side  of  the  aircraft  and  then  increases  to  normal  rotational  veloci- 
ty airspeed  over  the  tail  of  the  aircraft. 

The  blades  may  be  cyclically  feathered,  decreasing  the  pitch  on  the  advancing  side  and  increasing  the 
pitch  on  the  retreating  side,  in  order  to  equalize  the  lift  on  both  sides  of  the  rotor  disk. 

The  tail  rotor,  subject  to  the  same  problem  but  with  no  ability  to  cyclically  feather  its  blades,  must  rely 
solely  on  its  flapping  hinge  application  for  equalizing  the  thrust  dissynmetry . Thrust  dissymetry  is  gene£ 
ally  eliminated  in  two-bladed  tail  rotors  by  utilization  of  a semi-rigid  see-saw  rotor  hub,  figure  15.  In 
four-bladed  tail  rotor  configurations  the  same  results  are  obtained  by  the  utilization  of  a delta  hinge. 

Figure  16  illustrates  a rotor  in  forward  flight  at  100  miles  an  hour.  Blade  tip  rotational  velocity 
is  500  miles  an  hour.  The  interesting  factor  here  is  that  while  the  main  rotor  shaft  has  no  rotational 
velocity  at  its  center,  it  does  have  airspeed.  It  is  moving  through  the  air  at  100  miles  an  hour  with  the 
rest  of  the  helicopter.  The  main  rotor  shaft  has  100  miles  an  hour  airspeed  and, 
in  the  area  from  M to  N,  the  air  is  actually  blowing  over  the  retreating  blade  from 
, & trailing  edge  to  the  leading  edge. 

/ >*  It  follows  that,  with  a substantially  constant  rotor  rpm,  the  greater  the  helicop- 

. ^ ter  forward  speed,  the  greater  the  advancing  blade  airspeed  and  the  lesser  the 

♦ retreating  blade  airspeed.  At  200  miles  an  hour,  the  helicopter's  advancing  blade 

' tip  is  approaching  700  miles  an  hour  airspeed,  while  the  retreating  blade's  tip 

air-speed  has  been  reduced  to  only  300  miles  an  hour.  The  critical  Mach  nutriber  of 

the  advancing  blade  now  becomes  a problem,  and  the  stalling  out  of  the  retreating 

„ , blade  tip  poses  an  additional  problem.  While  critical  Mach  values  and  drag  diver- 

Fig.  12.  Rotor  dangers 

gence  are  not  to  be  overlooked,  blade  tip  stall  is  probally  the  more  important 


obstacle  in  the  way  of  performance  progress. 

As  a helicopter  approaches  higher  and  higher  velocities,  it  encounters  the  basic  factors  causing  stall. 
The  retreating  bLade  is  loosing  airspeed.  Its  angle  of  attack  at  the  tip  is  increasing.  The  loading  at  the 
tip  is  increasing;  the  blade  stall  is  excessively  loaded. 

Whenever  the  helicopter  is  flying  at  a forward  high  speed,  where  the  retreating  blade  tips  esperience  the 
beginning  of  stall,  a vibration  is  felt  in  the  cyclic  stick  and  in  the  airframe  itself.  The  vibration 
takes  the  frequency  of  the  number  of  blades  in  the  rotor  system  as  applied  to  one  rotation  of  the  rotor. 


Fig.  14.  Flapping  equivalent  system 


Fig.  13.  Rotorhead  of  Westland  W.G.  13 
Lynx  hingeiess  rotorcraft 


With  a four  blade  rotor,  the  vibration  is  a four  for  revolution. 

In  figure  17,  the  airfoil  is  stalling  at  an  angle  of  approximate  (j  WHiilS  NiRfil 

ly  14  degrees,  as  shown  by  the  shaded  area.  The  tip  of  the  re-  ** 

treating  blade  has  the  highest  angle  of  attack  and  that  from  the 

reverse  flow  area  outboard  the  angle  of  attack  increases  very  rji  flapping 

pidly.  The  advancing  blade,  on  the  other  hand, possesses  uniform 

low  angle  of  attack.  Fig.  15.  Teetering  rotor 

In  maneuvering  flight,  where  sharp  turns  and  abrupt  pull- 
ups  may  be  required,  severe  blade  stall  can  be  encountered  because  of  rotor  rpm  decay  or  high  load  factors. 
Recovery  in  these  cases  is  much  mo^e  difficult,  if  the  rotor  is  quite  high  loaded.  Reduction  of  collective 
pitch  and/or  increasing  rotor  speed  will  help. 

A chart  or  computer  is  utilized  for  the  prediction  of  blade  stall.  The  pilot  is  however  expected  to 
know  and  avoid  the  general  conditions  conducive  to  the  stall  condition.  The  important  thing  to  remember  is 
that  blade  tip  stall  is  not  solely  associated  with  high  aircraft  velocities.  It  can  occur,  under  certain 
conditions,  at  surprisingly  low  forward  speed. 

There  are  numerous  unsteady  aerodynamic  events  that  may  occur  in  a single  revolution  of  a helicopter 
rotor  system  operating  at  moderate  to  high  forward  speeds.  The  severity  of  the  dynamic  airloads  associated 
with  the  unsteady  aerodynamic  depends  upon  the  specific  operating  condition.  Some  of  the  more  se\*re  operat 
ing  conditions  are:  maximum  forward  speed  in  level  flight,  maneuvering  flight,  rapid  descents,  and  flared 
landings  in  ground  effect. 

The  practical  limitations  of  rotor 

operation  are  much  more  analogous 

. . AUCNAfl 

to  turbine  engine/inlet  matching  uaci* n — • hutin  mi 
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aerodynamics,  where  the  fundamen-  imnm  V \ W 

tal  problem  is  one  of  dealing  with  J \ ' 

estreme,  time  varying,  three-dimen  ✓ V"*  ^ m 

sional  distortions  of  the  rotor  iri  • 

flow  distribution.  WT-W  I 

The  impulsive  airload,  which  can  IScMiil 

occur  contemporarely  over  large  u»«n(»  N |“\  j 

segments  of  the  advancing  side  of  ["  \ % 

the  rotor  disk,  results  in  intense  L. — \ 

oscillatory  structural  loadings.  L \ 

The  transient  Mach  number  effects 
on  the  advancing  blade  include  trait 
sient  lift,  drag,  and  pitching  mo- 

_ „ ...  ...  ..  . . Fig.  16.  Rotor  in  forward  fl 

ments  associated  with  the  rapid 

movement  of  the  shock  wave  over  the  upper  surface  of  the  blade.  The  interaction  of  the  shock  wave  and  bound 

ary  layer  can  also  induce  transient  shock  stall. 

Consideration  of  Cj  versus  C,,,  loop  characteristics  may  be  useful  in  analyzing  dynamic  stall. 

Helicopter  maneuvering  flight  is  severely  limited  by  unsteady  aerodynamics,  because  of  rapid  increase  in 
magnitude  of  the  rotor  oscillatory  control  loads  and  overall  airframe  vibration  levels. 

The  important  factors  in  the  maneuvering  flight  unsteady  airloads  are  wake  geometry,  tip-vortex  flow,  blade- 
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vortex  interaction,  and  dynamic  stall. 

A variabi le-geomet ry  rotor  could  be  a means  to  gain  some  control  over  the  way  tip  vortices. 

It  is  quite  complex  to  simulate  analytically  flight  maneuver  loads  on  helicopter  propulsion  systems,  con 
sidered  as  a whole  from  the  rotor  to  the  engine.  High-performance  gas  turbine  engines  are  sensitive  to  not 
only  self-induced  cyclically  changing  loads  but  also  to  extremely  induced  loads  which  result  from  helicopter 
maneuvers.  These  external  loads  cannot  be  adequately  simulated  for  prediction  of  the  complex  force  interac- 
tions; and  experimental  data,  obtained  from  flight  tests,  are  not  sufficiently  definitive. 

The  engine  is  expected  to  operate  in  a very  hostile  environment,  being  exposed  to  extremes  of  tempera- 
ture, pressure,  vibration,  and  mechanical  forces  within  the  engine.  In  addition,  the  engine  is  exposed  to  a 
•variety  of  accelerat ions  in  all  directions,  thus  imposing  large  inertial  and  gyroscopic  forces  on  an  already 
complex  loading  environment.  The  engine  is  expected  to  function  under  all  conditions  with  small  clearances 
between  rapidly  moving  and  stationary  parts  and  to  exhibit  little  degradation  in  performance  after  long  peri 
ods  of  operation. 

As  it  is  known,  a typical  flight  procedure  consists  of  a check  of  output  torque  as  a function  of  gas  genera- 
tor speed,  against  installed  performance. 

An  engine  stall  is  especially  bad  in  a helicopter  because  of  the  rapid  load  reversals  which  occur  in  the 
rotor  drive  systems.  A stall  is  indicated  by  a sudden  drop  in  compressor  discharge  pressure  accompanied  by 
an  increase  in  exhaust  gas  temperature. 

Forward  speed  is  limited  by  blade  stall  on  the  retreating  side  of  the  rotor  and  by  compressibility  on 
the  advancing  side  of  the  rotor.  In  order  to  keep  roll  moments  balanced  on  a conventional  single  rotor,  the 
lift  potential  that  can  be  developed  on  the  advancing  side  of  the  rotor  disc  is  limited  by  that  which  can  be 
developed  on  the  retreating  side,  figure  18. 

According  to  the  calculation,  Ref.  2,  of  the  forces  acting  on  a rigid  three  blade  rotor,  figure  19  pre^ 
ents  the  azimutal  evolution  of  the  blade  local  loads.  The  results  obtained  are  satisfactory  in  respect  to 
the  ones  measured  in  the  S 1 Modane  wind  tunnel,  for  the  case  of  moderate  advance  ratio  p and  of  local  inci- 
dences lower  than  that  of  profile  stall.  The  calculation  (for  moderately  loaded  3-blade  rotor  in  figure  19, 
but  valid  also  for  heavy  loaded  rotor)  accounts  for  compressible,  three-dimensional  and  unsteady  aerodynam- 
ics. The  calculation  has  been  adapted,  with  encouraging  results,  to  the  case  of  flexible  blades. 

From  the  rotor  aeroelastic  computer  simulation  of  Ref.s.  3 and  4,  figure  20,  compares  the  measured  and 
predicted  time  history  of  blade  airloads. 

The  azimutal  evolution  of  the  rotor  torque  is  consequence  of  the  n-blade  airloads  integration. 

HELICOPTER  SYSTEM  INTEGRATION  AND  INTERRELATED  FLEXIBILITIES, 

VIBRATIONS  AND  BLADE  FLUTTER 

The  introduction  of  automatic  flight  control  systems  to  helicop- 
ters has  certainly  enhanced  their  utilization,  especially  in  the  area 
of  all-weather  flight.  Because  of  the  high  degree  of  systems  integra 
tion,  a complete  system  understanding  requires  a knowledge  of  the  aer 
odynamic  loops. 

The  propulsion  system  is  also  the  support  system,  and  the  structural 
and  aerodynamic  complexities  are  compounded  because  of  the  integra- 
tion. The  propulsion-support  system  is  also  the  means  by  which  the 
control  of  the  helicopter  is  accomplished. 

In  consideration  of  the  dynamics  of  the  helicopter  and  its  influ 
ence  on  stability  and  control,  one  can  look  at  the  complex  structural 
system  illustrated  in  figure  21,  Ref.  5,  and  consider  the  even  more 
cooplex  aerodynamic  environment  from  whence  come  the  many  degrees  of 
freedom  and  structural  modes  which  exist. 

The  aerodynamic  flow  situation  of  a helicopter  rotor  is  deter- 
mined by  its  rotation.  In  forward  flight,  figure  2,  the  speed  of 
flight  will  be  superimposed  to  the  rotational  velocity,  resulting  in 
periodically  changing  velocities  for  the  blades  with  opposite 
characterise ics  at  the  advancing  and  at  the  retreating  side.  That 
means  that  a helicopter,  even  in  steady  flight,  is  submitted  to  un- 
steady rotor  conditions.  The  periodically  changing  velocities  cause 
alternating  forces  and  moments  at  the  blades  and  at  rotor  hub,  result- 
ing in  many  dynamic  effects  which  are  determining  the  special  charac- 
teristics of  a helicopter. 

When  considering  a helicopter  under  the  aspects  of  dynamics,  it 
consists  of  a complex  system  of  an  elastic  fuselage  and  the  rotating 
rotor.  They  represent  an  oscillating  system  which  can  be  subject  to 
self-excited  oscillations  under  certain  circumstances.  They  can  oc- 
cur either  on  ground  or  in  the  air  and  are  called  the  classical  ground 
and  air  resonance. 


Fig.  18.  Lift  potential  on  the 
advancing  and  retreating  blades 
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Up  to  the  present  time  the  frequency  difference  between  rotor  blade  motions  end  fuselage  oscillations  has 
been  sufficiently  greet  to  ellov  then  to  be  considered  separately.  Recent  studies  have  indicated  that,  be- 
cause of  the  increased  coupling  between  blades  and  fuselage  as  a result  of  increased  hinge  stiffness,  this 
is  no  longer  the  case. 

A single  exp Ian at  ion  of  the  resonance  occurring  between  fuselage  motion  and  the  in-plane  motion  of  the  rotor 
blades  can  be  given  by  considering  the  motion  of  rotor  center  of  gravity  about  hub  for  a stationary  rotor 

but  with  the  blades  oscillating  in  the  manner  shown  in  figure  22,  Ref.  b.  For  the  four  blades  configuration 

and  mode  of  vibration  shown,  it  can  be  seen  that  the  center  of  gravity  rotates  about  the  hub  with  a frequen- 

cy  this  being  the  frequency  of  the  fundamental  in-plane  blade  motion.  With  the  rotor  rotating  at  a 

speed  M,  this  wandering  of  the  center  of  gravity  results  in  a true  rotation  about  the  hub  at  a frequency 
11  - ttj.  Nominally,  the  frequency  llj  is  about  0.5  11  for  the  hingeleas  rotating  blade  and  hencr  the  critical 
resonance  frequency  is  11  - d ■ - 0.5  11. 

The  rotary  wing  itself  basically  does  not  have  stability  and  control  characteristics  comparable  to  those 
of  fixed  wing  vehicles.  Particularly  in  forward  flight  the  cycles  imposed  upon  the  rotor  system  can  often 
enter  regions  of  non-linearity,  where  their  formulation  for  design  purpoaes  is  extremely  complicated.  Pro- 
blems arise  from  advancing  and  retreating  blades,  from  interference  of  the  rotor  wake  and  blade  passage,  and 
from  the  various  dynamic  modes  induced  within  the  structure  itself.  Rotor  blade  stall  is  associated  with 
the  rapidly  changing  angle  of  attack  which  character  ires  a helicopter  rotor  blade  as  it  traverses  the  rotor 
disc,  figure  52.  Not  only  docs  the  non-steady  penetration  of  stall,  particularly  on  the  retreating  aide  of 
the  disc  at  high  advance  ratios,  alter  the  lift  characteristics  of  the  airfoil;  it  also  alters  the  lift  and 
pitch  momenta  for  a given  pitch  control  and  shaft  tilt.  Negative  aerodynamic  damping  results  in  excessive 
torsional  loads  feeding  into  the  propulsion  and  control  systems. 

There  are  many  different  rotor  blade  hinge  arrangements.  Actually,  the  hingeless  rotor,  figure  13,  is 
not  really  hingeless,  since  only  flapping  and  lead-lag  hinges  have  been  removed,  but  not  the  feathering 
hinges.  Truly  hingeless  rotors  are  presently  being  developed. 

At  hingeless  rotors  the  function  of  the  hinges  is  replace  by  a flap  wise  and  chordwise  (inplane)  flexibil- 
ity, thua  reducing  the  structural  moments  by  bending  the  blades. 


Fig.  21.  Dynamics  complexity  of  the 
structural  system 


Fig.  22.  Rotation  of  the  center  of 
grnv i t y due  t o b lade  bending 


Fig.  20.  Measured  and  computed  t ime  history 
of  blade  airloads 

The  effect  of  blade  bending  flexibility  on  articulated 
rotorcraft  flight  dynamics,  figure  14,  is  significant  but 
non  substantial,  and  an  analysis  that  assumes  the  blades  are 
rigid  in  bending  is  often  adequate.  However,  this  is  not 
true  for  hinge  less  rotors,  figure  13. 

The  design  philosophy  is  now  to  improve  control  dynamics  by 
use  of  inner- loop  feedback  systems  designed  to  improve  heli 
copter  handling  characteristics,  without  changing  the  basic 

pitch  or  roll  rate  command  type  of  control  response.  A distinction  must  be  made  between  the  integrated 
feedback  system  designed  to  be  operative  at  all  times  and  the  auxiliary  feedback  systems  that  operate  with 
only  the  basic  controls.  Articulated,  figure  10,  and  teetering,  figure  15,  rotorcraft  presently  have  auxil- 
iary feedback  system,  so  that  flights  can  be  made  with  or  without  the  stability  augmentation  system  (SAS). 
For  hingeless  rotorcraft  with  high  speed  capabilities,  the  increased  gust  sensitivity  and  increased  angle- 
of- at  tack  instability  become  increasingly  more  difficult  to  counteract  without  a feedback  control  system, 

Ref.  7. 

Figure  23  is  a simplified  block  diagram,  lor  one  axis,  of  the  latest  form  of  the  Lockheed  AMTS  integrated 
mechanical  feedback  system,  Ref.s.  8 and  9 and  figure  24  and  25.  The  pilot  input  moment  combines  with 
the  feedback  moment  from  cyclic  flapping  kf  to  produce  the  input  moment,  to  the  floating  gyro-svash-plate, 
M - Mp  - kr  ftj,  where  kf  is  the  rotor  feedback  gain.  The  gyro  acts  as  a first-order  system  with  a lag  t. 

Its  space-referenced  attitude  is  given  by  0 • kM/(s»  !/i).  The  snvi  11  term  1/t  originates  from  the  asympto^ 
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ic  alignment  mechanism  between  gyro-swash-plate  and  fuselage,  which  can  consist  of  either  damping  of  the  ro- 
tating gimbal  axes  or  weak  non-rotating  centering  springs.  The  difference  between  the  gyro-swash-plate  atti- 
tude is  proportional  to  the  cyclic  pitch  input  0£  • kf (6  - 0f),  where  kf  ■ 0.7,  as  indicated  by  the  fuselage 
feedback  loop.  The  cyclic  pitch  input  0£  is  modulated  by  actuator  and  rotor  dynamics  to  obtain  the  cyclic 
flapping  0£  - A6*.  Cyclic  flapping  0£  is  fed  back  as  a gyro-swash-plate  moment  Nandalso  produces  the  fuse- 
lage attitude  change  0f.  0f  is  subtracted  from  the  gyro  attitude  0£,  so  that  the  fuselage  follows  the  atti- 
tude of  the  gyro  which,  in  turn,  is  positioned  by  the  pilot  with  the  help  of  an  attitude  rate  command  0. 


Fig.  23.  Block  diagram  for  the  Lockheed  AMCS 
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Fig.  24.  Lockeed  AMCS  gyro-control  system 


Fig.  25.  Control  gyro  of  the  Lockheed  rigid  rotor 


The  development  of  an  optimal  system  concept  for 
helicopters  with  all-weather  capability  belongs  to  the 
special  problems  on  which  the  latest  efforts  have  been 
concentrated.  As  a first  and  most  important  step,  the 
relief  of  the  pilot's  workload  is  achieved  by  simple 
flight  control  systems,  the  very  first  step  being, the 
elimination  of  the  natural  stability  of  the  helicop- 
ter. The  pilot  will  be  less  stressed  on  an  all- 
weather  long  distance  flight;  he  will  thus  be  able  to 
attend  more  intensitively  to  his  navigational  and  guid 
ance  tasks. 

An  automatically  guided  flight  by  radio  reception 
will  be  enabled  by  such  a flight  control  concept  in- 
volving attitude  control,  heading  control  and  height  control. 

The  closer  the  helicopter  flies  to  the  ground,  the  higher  the  probability  of  ground  collision.  Thus  the 
need  arises  to  provide  a system  that  can  sense  terrain  variations  and  obstacles  and  provide  information  to  a 
control  system  to  control  aircraft  maneuvers  under  all  visibility  conditions. 

A composite  low  altitude  control  system  with  an  external  radar  detector.  Ref.  10,  is  depicted  in  figure  26. 

A forward  looking  azimuth  scanning  sensor  provides  elevation  plane  data,  attempting  to  minimize  the  average 
clearance  between  the  helicopter  trajectory  and  the  terrain  profile  within  the  constraints  of  climb,  dive, 
acceleration  and  ride  comfort  limits.  Data  are  furnished  by  electronic  scanning,  utilizing  the  phase  inter- 
ferometer method.  Angle  and  range  data  are  provided  by  sinchronizat ion  and  correlation  of  phase  angle  inci- 
dence of  the  terrain  echo  returns.  The  computer  processes  these  data  in  combination  with  doppler  derived 
helicopter  velocity  and  radar  altitude  information,  air  data  measurements  and  aircraft  attitude  and  heading. 
In  the  case  of  automatic  "Terrain  Following",  reference  command  signals  are  derived  for  the  automatic  flight 
controls,  and  the  helicopter  ultimately  responds  to  cyclic  and  collective  functions;  the  airframe  response 
closes  the  loop. 


Along  with  the  consideration  of  dynamics,  stability  and  control,  we  must  consider  the  subjects  of  air- 
loads, aeroelast icity,  and  mechanical  instabi 1 it ies • A structural  instability  excited  by  an  oscillating  air 
load  could  result  in  a unsteady,  and  possibly  divergent  dynamic  situation.  Coupling  of  structural  modes  in 
response  to  aerodynamic  excitation  is  characteristic  of  the  air  resonance  phenomenon.  Whereas  the  problems 
of  mechanical  instability  are  from  the  structures  and  materials  realm,  one  cannot  ignore  the  direct  coupling 
with  aerodynamics  which  generate  the  driving  force. 

Unsteady  airloads  result  from  many  phenomena  as  blade  stalling,  stall  flutter,  tip  vortex/blade  interaction, 
and  other  which  generate  both  periodic  and  non-periodic  loads.  The  error  is  extremely  high  in  predicting 
both  steady-state  loado  and  transient  loads.  This  is  the  direct  result  of  the  inability  to  properly  repre- 
sent the  aerodynamic  and  dynamic  conditions  in  mathematical  model  formulation.  Mechanisms,  as  vibration 
absorbers,  may  be  utilized  for  alleviating  oscillating  airloads,  but  a more  effective  mechanism  is  to  reduce 
the  driving  force  at  its  source. 

The  problem  of  fatigue  has  been  recognized  as  an  important  aspect  in  the  design  of  helicopters.  Metho- 
ds of  predicting  the  fatigue  and  crack  growth  lives  of  structural  components  have,  in  turn,  led  to  the  need 
for  more  accurate  loading  spectra.  The  purpose  of  developing  a realistic  loading  spectrum  is  to  define  a 
stress-time  history  that  is  representative  of  those  stresses  encountered  by  a component  during  actual  usage. 
The  informations  that  must  be  obtained  in  the  development  of  helicopter  fatigue  fracture  load  spectra  are: 
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mission  profile  definition,  loading  environment,  loading  conditions,  structural  loads  analysis,  stress  anal 
ysis,  and  stress  sequencing. 

For  each  mission  segment,  a load  producing  structure  must  be  determined.  This  environment  is  usually  ex- 
pressed in  terms  of  maneuver  load  factor  spectra,  gust  spectra,  landing  sink  rates,  etc.  Basic  types  of  ma 
tie u vers  have  to  be  considered:  syomet rical  maneuvers,  abrupt  maneuvers,  and  unsynnetrical  maneuvers. 
External  loads  have  to  be  used  to  conduct  the  internal  loads  and  stress  analysis.  An  internal  loads  anal- 
ysis may  be  performed  using  either  classic  hand  calculation  techniques  or  finite  element  solutions.  The 
internal  loads  analysis  will  provide  shears,  bending  moments,  axial  loads,  and  shear  flows  for  the  internal 
structural  members.  Since  a more  detailed  and  accurate  internal  loads  analysis  is  required  for  fatigue  and 
fracture  calculations  than  for  the  normally  conservative  internal  loads  used  for  strength  calculations,  the 
use  of  large  scale  finite  element  models  for  calculation  of  internal  loads  is  becoming  increasingly  pre- 
dominant . 

Forces  and  moments  acting  on  a helicopter  have 
to  be  considered,  as  on  the  example  of  figure  27. 

Structural  analysis,  based  upon  finite  element  mod- 
el calculations,  is  employed  for  stress  and  vibra- 
tion evaluations  of  structural  components.  It  es- 
sentially consists  in  substituting  the  actual  stru£ 
ture  with  an  equivalent  assembly  set  up  in  a series 
of  simple  solid  and  elastic  elements  for  vibration 
analysis,  figure  28.  The  method  of  structural  ana_l^ 
ysis,  applied  to  complex  configuration  mechanical 
pieces,  permits  to  obtain  an  excellent  approxima- 
tion of  the  real  strain  and  stress  distribution. 

Applied  to  a structure,  it  permits,  through  the  so- 
lution of  dynamic  equations,  the  establishment  of 
natural  modes  and  frequency  of  the  fuselage  and  the 
rotor  coupling. 

Methods  of  analysis  of  helicopter  blade  flut- 
ter for  both  hinged  and  hingeless  blades  are  formu- 
lated. The  flutter  of  hinged  blades  differs  from 
the  flutter  of  the  high  aspect  ratio  wing  due  to 
several  important  factors.  The  high  centrifugal 
force  field  experienced  by  the  rotating  blade  pro- 
vides fundamental  bending  and  torsional  stiffness 
effects  and  also  important  coupling  effects  under 
certain  circumstances.  Also,  the  presence  of  the 
returning  wake  beneath  the  rotor  at  low  flight  speeds 
leads  to  unsteady  aerodynamic  effects  that  are  sub_ 
stantially  different  from  the  characteristic  of 
fixed  wings.  Finally,  the  variable  velocity  field 
encountered  by  the  blade  in  forward  flight  gener- 
ates important  time  variations  in  the  veiocity-and 
amplitude-dependent  restoring  forces  acting  on  the 
blade. 

The  flutter  of  hingeless  blades  is  due  to  the  cou- 
pling between  blade  flap  wise  and  lagwise  motion 
which  may  lead  to  instability  at  large  blade-pitch 
settings.  This  instability  can  occur  at  any  flight 
speed  provided  the  damping  of  chordwise  motion  is 
below  a certain  value. 

The  instability  associated  with  the  stall  flutter 
is  due  to  the  adverse  time  phasing  of  the  aerodynamic  torsional  moment  resulting  from  the  loss  of  blade 
bound  vorticity  during  torsional  motion  at  high  angle  of  attack.  The  complex  nature  of  the  phenomenon  pre- 
cludes an  analytical  representation  of  the  unsteady  airloads  at  the  present  time,  but  the  prediction  of  re- 
gions of  instability  is  made  possible  by  the  application  of  experimental  data.  The  high  pitch-link  loads 
which  occur  in  stall  flutter  may  be  a serious  obstacle  to  increased  flight  speeds.  The  most  profitable  way 
of  reducing  these  loads  is  to  use  aerofoil  sections  which  have  high  dynamic-stall  angles,  so  that  they  can 
operate  in  the  retreating  blade  region  below  the  stall  angle  as  much  as  possible. 

Of  the  two  types  of  vibrations  found  in  helicopters,  ordinary  and  self-excited,  ground  and  air  reso- 
nances are  of  the  self-excited  type  caused  by  the  interaction  of  the  lagging  motion  of  the  rotor  blades 
with  other  modes  of  motion  of  the  helicopter,  in  articulated  rotorcrafts  with  one  flap,  lead-lag  and  feath- 
ering hinge  per  blade.  Self-excited  vibrations  need  no  periodic  external  forces  to  start  or  maintain  them. 
When  a coupling  or  interaction  occurs  between  the  movement  of  the  rotor  blades  about  their  drag  hinges  and 
a fore-and-aft  or  sideward  movement  of  the  main  rotor  shaft,  the  result  is  a self-excited  vibration.  The 
inertia  forces  caused  by  the  out-of-phase  lagging  motion  of  the  individual  blades  react  with  the  whole  air 
craft  on  its  chassis  producing  motion  of  the  hub  which,  in  turn,  further  excites  the  lagging  motion.  Dur- 
ing resonance,  the  helicopter  rocks  with  increasing  magnitude,  with  the  rotor  blades  weaving  back  and  forth 
in  the  plane  of  rotation  and  out  of  pattern.  Under  some  circumstances  the  instability  can  he  very  violent. 


Fig.  26.  Composite  low  attitude  control  system 


Fig.  27.  Forces  and  moments  acting  on  a helicopter 


Fig.  28.  Equivalent  structure  elements 
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The  phenomenon  is  known  as  ground  resonance  because  the  vibration  occurs  when  the  aircraft  is  on  the  ground 
supported  by  its  relatively  soft  tires  and  oleo  struts,  a support  conducive  to  a low  frequency  movement. 
Ground  resonance  has  always  been  one  of  the  main  dynamic  problems  of  rotorcraft.  The  instability,  created 
by  the  interaction  of  a helicopter's  rocking  on  its  tires  and  the  oscillation  of  the  blades  about  the  drag 
hinges  can  cause  destruction  of  the  aircraft. 

This  type  of  dynamic  instability  occurs  when  a body  vibration  mode  with  horizontal  rotor  hub  motion  has  a 
natural  frequency  equal  to  the  rotor  rotation  frequency  minus  the  blade  lead-lag  natural  frequency,  unless 
the  body  mode  and  the  lead-lag  blade  mode  are  both  sufficiently  damped.  Without  aerodynamic  forces  on  the 
blades,  ground  resonance  cannot  occur  if  the  blade  lead-lag  natural  frequency  is  higher  than  the  rotor  rotji 
tional  frequency.  Articulated  blades  cannot  satisfy  this  condition  and  require  friction  or  hydraulic  damp- 
ers for  the  blade  lead-lag  motion  in  addition  to  adequate  damping  of  those  body  modes  for  which  frequency 
coalescence  is  possible.  The  most  critical  mode  is  usually  the  roll  mode  on  the  ground  where  the  stiffness 
of  the  main  landing  gear  determines  the  natural  frequency  of  the  body. 

During  ground  resonance,  the  blades  are  definitely  out  of  pattern.  If  one  blade  leads  while  an  adjacent 
blade  lags,  the  resultant  out-of-  balance  condition  of  the  rotor  causes  the  shaft  axis  to  follow  the  heavy 
or  more  cent ri fugal ly  loaded  section  of  the  rotor.  The  conmon  feature  of  ground  and  air  resonances  is  the 
displacement  of  the  centre  of  gravity  of  the  rotor  when  the  blades  move  out  of  phase  with  one  another  in 
the  plane  of  rotation.  Because  both  the  rocking  and  the  movement  of  the  blades  in  and  out  of  pattern  excite 
each  other  to  greater  magnitudes,  ground  resonance  forms  an  excellent  example  of  negative  stability  or  neg- 
ative damping.  Figure  11  illustrates  how  blades  out  of  pattern  can  bias  the  centrifugal  balance  of  the  ro- 
tor system.  The  shaded  portion  of  the  rotor  is  the  heavy  side.  Following  the  heavy  side  of  the  rotor,  the 
shaft  will  describe  a circle  or  eccentric  which  will  cause  the  aircraft  to  rock,  figure  22. 

Ground  resonance  is  the  only  major  self-excited  vibration  applicable  to  helicopters  utilizing  articulated 
rotor  systems.  Analytical  model  for  ground  resonance,  which  neglects  blade  aerodynamic  forces,  is  approxi- 
mately valid  for  articulated  rotors  operating  on  the  ground. 

For  semi-hingeless  or  hingeless  rotors,  the  blade  lead-lag  natural  frequency  can  be  raised  above  the 
normal  rotor  rotational  frequency.  In  this  case,  ground  resonance  (neglecting  blade  aerodynamic  forces) 
cannot  occur.  Neither  the  blade  lead-lag  motions  nor  the  landing  gear  require  dampers  to  prevent  the  insta 
bility  on  the  ground.  Such  blades  are  considered  stiff  inplane.  Semi-hingeless  or  hingeless  rotors  de- 
sired with  the  blade  lead- lag  natural  frequency  below  the  normal  rotor  rotational  frequency  are  called  soft 
inplane.  Such  blades  have  a crossover  rotor  speed  at  which  the  blade  lead-lag  natural  frequency  equals  the 
rotor  rotational  frequency.  Below  this  crossover  rotor  speed,  ground  resonance  cannot  occur.  Above  this 
crossover  frequency,  the  same  precautions  must  be  taken  as  for  articulated  blades.  If  the  rotor  rotational 
frequency  minus  the  blade  lead-lag  natural  frequency  equals  the  frequency  of  a body  mode  having  horizontal 
rotor  motions,  then  both  the  blade  lead- lag  motion  and  the  body  motion  must  be  sufficiently  damped. 

For  hingeless  rotors  on  the  ground  and  for  any  type  of  rotor  in  flight,  aerodynamic  effects  become  impor- 
tant and  must  be  included  in  a stability  analysis. 

Air  resonance  is  a much  more  recent  phenomenon  and  has  appeared  with  the  introduction  of  the  hingeless 
rotor.  In  this  case  it  is  found  that  the  large  hub  moments  which  occur  when  the  rotor  tilts  give  rise  to 
an  airframe  oscillation,  even  when  the  helicopter  is  airborne,  which,  although  heavily  damped  and  not  real- 
ly significant  as  a stability  mode,  may  have  a frequency  close  to  that  of  the  lagging  motion  of  the  blades. 
In  coupled  motion,  the  total  blade  damping  is  redistributed  among  the  modes,  and  a weakly  damped  mode,  such 
the  lag  mode,  becomes  unstable.  The  ideal  solution  of  the  problem  is  to  control  the  aeroclastic  properties 
of  the  blade  in  such  way  that  some  of  the  high  damping  of  the  flapping  motion  is  diverted  into  the  lagging 
mode,  and  makes  the  whole  system  inherently  stable. 

Although  the  fuselage  is  a very  complicated  structure  with  distributed  mass  and  stiffness,  it  can  be 
regarded  as  a "free-free"  beam  acted  upon  by  periodic  forces  at  particular  points.  Considering  the  fact 
that  a helicopter  fuselage  is  fairly  slender  longitudinally,  the  most  important  forces  are  the  vertical  and 

lateral  forces  of  the  main  rotor  and  the  tail-rotor  forces  along  the  tail-rotor  axis. 

To  calculate  this  response,  it  is  necessary  to  know  the  frequencies  and  mode  shapes  of  the  fuselage  regard- 
ed as  an  assembly  of  elements,  figure  28,  having  certain  masses  and  st i f fenesses . 

The  first  four  mode  shapes  of  the  free  fuselage  are  as  sketched  in  figure  29,  Ref.  11.  The  first  two  modes, 
(a)  and  (b),  are  rigid  body  modes  whose  natural  frequencies  are  zero  since  no  elastic  deformation  are  in- 
volved. 

The  characteristics  of  a rotor  with  rigidly  attached  blades  is  determined  by  its  aeroelastic  behav- 
iour. A rotor  blade  is  of  course  very  flexible,  and  the  frequencies  of  the  blade  motion  may  coincide  with 
the  frequencies  of  forced  motion  of  the  natural  frequencies  of  other  parts  of  the  helicopter. 

For  engineering  investigations,  a simplified  treatment  is  commonly  used,  assuming  that  the  elastic  cantile- 
vered blade  can  be  represented  by  a hinged,  spring  restrained,  rigid  blade.  Practical  rotor  blades  are 
quite  flexible,  in  the  sense  that  their  first  beamwise  bending  frequency  is  not  very  much  greater  than  the 
once  per  revolution  flapping  frequency  of  an  articulated  rotor.  For  simple  studies,  it  can  be  assumed  that 
the  blades  have  flessibility  only  in  the  flapwise  direction  and  are  infinitely  stiff  in  the  chordwise  and 
torsional  directions.  The  main  features  of  such  a flapping  equivalent  system  are  shown  in  figure  14;  prac- 
tically, it  is  a flapwise  articulated  rotor  (figure  10)  with  a large  hinge  offset.  Ref.  12. 

The  flapping  frequencies  of  hingeless  rotor  systems  are  about  in  the  region  of  1.1  to  1.2  of  the  rotor  fre- 
quency; the  equivalent  hinge  offsets  are  12  to  22Z  of  radius. 

In  plane  flexibility  of  rigidly  attached  blades  can  be  treated  in  a similar  way  as  flapping.  The  lagging 
motion,  itself,  behaves  similar  as  in  the  case  of  articulation. 
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A system  as  described  in  figure  14,  Kef.  13,  with  degrees  in  flapping,  in  chordvise  and  torsional  direction, 
with  additional  control  system  flexibility,  may  be  considered  for  fundamental  studies.  The  elastic  blade 
may  be  represented  by  a feathering  hinge,  a flapping  hinge,  and  a lead-lag  hinge,  all  elastically  restrain- 
ed. The  analysis  with  the  Bolkow  BO- 105  hingeless  rotor  helicopter.  Ref.  13,  assumes  an  additional  outboard 
torsional  hinge,  also  elastically  restrained.  The  system  is  shown  in  figure  30.  The  rotor  support  is  con- 
sidered elastically  attached  to  the  body.  Such  MBB  program,  called  "Blama"  accepts  up  to  36  degrees  of 
freedom:  8 for  the  body,  5 for  the  mast  (escluding  yaw),  and  4 per  blade  (for  up  to  6 blades).  The  model  in 
eludes  precone,  prelead,  pitch-lead,  pitch-flap,  and  flap-lead  coupl- 
ings. 

Ref.  14  also  considered  empennage  degrees  of  freedom. 

Various  hingeless  rotor  systems,  with  only  20 Z of  the  parts  of  an  ar- 
ticulated rotor,  are  illustrated  in  figure  31. 

Figure  32,  Ref.  15,  illustrates  the  different  loading  situation  of  a 
hingeless  rotor  and  an  articulated  rotor  with  a small  flapping  hinge 
offset. 

Figure  33,  Ref.  16,  shows  the  loading  situation  of  a hingeless  rotor 
in  conparison  to  an  articulated  rotor. 


Unsteady,  or  transient,  aerodynamic  phenomena  contribute  to  ro- 
tor dynamic  airloads.  The  stalled,  impulsive,  yawed  and  interfer- 
ence, flows  are  shown  in  figure  34,  Ref.  17. 

Stalled  flow  includes  airfoil  dynamic  stall  and  tip-vortex  induced 
dynamic  stall:  the  first  one  associated  with  stall  flutter  due  to 
airfoil  modification. 

Impulsive  flow  phenomena  include  blade-vortex  interaction  and  tran- 
sient Mach  number  effects. 

Interference  flow  includes  tail-rotor/main-rotor  wake  interaction, 
pylon- hub- engine  exhaust  interaction  with  the  main  and  tail  rotor, 
and  wing  body  interference. 

REQUIRED  POWER  IN  HOVERING,  FORWARD  FLIGHT,  AND  MANEUVERS 

The  complex  combination  of  external  and  internal  operating 
forces  and  maneuver  forces  presents  a big  obstacle  to  determining 
the  distortions  occurring  in  the  engine  during  helicopter  flight. 
Because  of  rotor  movement,  case  bending  and  ovalization,  rotor 
shaft  and  blade  bending,  blade  extensions,  and  thermal  stresses, 
it  is  difficult  to  predict  the  relative  movement  of  engine  compo- 
nents under  ail  flight  maneuvers. 

Abnormal  vibrations  in  an  engine  installation  may  be  caused  by  maj^ 
functioning  engine-mounted  airframe  accessories,  engine  mounts  and 
other  external  connections,  as  well  as  by  impulsive  flow  phenomena 
caused  by  blade-vortex  interaction  on  the  advancing  side  of  the  r£ 
tor  disk.  External  airloads  may  be  so  highly  unsteady  to  produce 
engine  instabilities  going  from  those  accompanying  the  distinctive 
"blade  slap"  acoustic  signature  of  some  helicopter  rotors  to  those 
determining  engine  fatigue,  failures  and  stop. 


Fig.  29.  Fuselage  deformation 
modes 


Fig.  30.  System  for  MBB"Blama" 
program 
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The  need  for  accuracy  in  calculations  of  engine-rotor  perform 
ance  can  be  eophasized  by  noting  that  a 1Z  change  in  the  lifting 
capability  of  a rotor,  at  a given  rotor  input,  may  mean  a 10Z 
change  in  payload  for  the  helicopter.  From  the  other  hand,  accurji 
cy  in  performance  calculations  is  required  because  the  engine  could 
be  not  able  to  support  instabilities  due  to  unsteady  airloads  on 
the  helicopter  rotor. 

Actual  performance  predictions  within  defined  flight  regimes 
and  maneuvers  may  be  carried  out  on  the  basis  of  induced  velocity, 
thrust  and  power,  related  to  rotorcraft  operation. 

The  power  required  to  support  or  propel  the  helicopter  is  di- 
vided between  the  overcoming  of  profile  drag,  parasite  drag  and  in 
duced  drag,  and  the  producing  of  climb  and  acceleration.  Profile 
drag  is  the  frictional  resistance  caused  by  the  rotor  blades  as 
they  pass  through  the  viscous  air.  Induced  drag  is  the  drag  incujr 
red  in  the  production  of  lift.  Parasite  drag  is  that  which  is  in- 
curred by  any  portion  of  the  helicopter  (fuselage,  cowlings,  land- 
ing gear,  struts,  etc.)  which  does  not  contribute  directly  to  lift 
or  thrust. 

In  order  to  keep  the  helicopter  airborne,  the  rotor  must  pro- 
duce thrust,  by  giving  momentum  to  a mass  of  air.  In  so  doing, 
power  must  be  spent  to  produce  acceleration  of  the  air. 


NOTION  Si QUi NCIS 

* * *ii  *ti  * 

Fig.  31.  Hingeless  rotor  svstens 


Fig.  32.  Moments  for  die  h ingel es 8 
and  articulated  rotor 
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Fig.  33.  Loading  in  rotors 
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For  Che  normal  hovering  helicopter,  65%  of  the  total  available  power  might  be  for  the  overcoming  of  rotor  i£ 
duced  drag  and  approximately  35%  for  rotor  profile  drag.  In  addition,  the  engine  must  supply  power  to  turn 
the  tail  rotor  and  overcome  friction  in  Che  transmissions  and  drive  system,  and  rotor  losses. 

In  level  flight,  the  sum  of  the  values  of  each  of  the  curves,  figure  35,  at  any  given  airspeed  would  give 
the  total  power  required.  Profile  drag  power  increases  only  slightly  as  normal  forward  speed  is  increased. 
At  very  high  forward  speeds,  and  as  blade  stall  is  entered,  it  mounts  rapidly.  Parasite  power  required, 
varying  as  the  cube  of  the  airspeed,  increases  very  rapidly  at  higher  speeds.  At  zero  airspeed,  the  induced 
power  requirement  is  quite  high  because  the  downwash  velocity  is  near  maximum  value. 

An  approximation  of  a resultant  power  required  curve  is  offered  in  figure  36,  considering  the  high  induced 
velocity  in  hovering  and  the  values  of  fuselage  or  parasite  drag  at  the  higher  speeds. 
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Fig.  34.  Rotor  transient  aerodynamics 


Fig.  35.  Engine  power  distribution 


As  illustrated  in  figure  36,  for  a helicopter  with  adequate  power,  there  is  ample  power  available  to  permit 
hovering  and  climbing  and  to  permit  overlanding  of  the  helicopter  as  airspeed  is  built  up. 

Power  requirements  for  helicopters  may  be  derived  from  the  evolution  of  a physicomathematical  model  of 
the  rotor  according  the  basic  rotor  theories. 

Simple  momentum  theory  - 

The  ideal  power  P required  by  a simple  thrust  generator  is 


P 


TV* 


T 


(1) 


where  T,  V and  v^,  denote  thrust,  flight  velocity,  and  fully  developed  induced  velocity.  For  the  case  of 
static  thrust  generation,  "hovering",  ideal  induced  power  and  thrust  per  horsepower  are 


P 


v. 

1 


ft  pds/sec 


(2) 


T/P  - 1,100/v.  - pds/hp 


(3) 


The  lowest  possible  induced  velocity  in  the  fully  developed  slip-stream,  in  the  static  thrust  generation, 
would  produce  the  maximum  thrust  per  horsepower. 

This  model  would  not  be  sufficient  in  dealing  with  practical  problems  of  rotary  wing  aircraft. 

Actuator-disc  theory  - 

The  actuator-disc  analysis  is  better  suited  to  simulate  an  open  airscrew.  An  actual  helicopter  rotor 
is  substituted  with  a disc  perpendicular  to  the  generated  thrust  and  capable  of  imparting  axial  momentum  to 
the  fluid  and  sustaining  pressure  differential  between  its  upper  and  lower  surface.  The  thrust  is  uniform- 
ly distributed  over  the  rotor  disc  across  which  there  is  a sudden  jump  of  pressure  Ap,  as  an  assumption 
that  the  rotor  has  an  infinite  number  of  blades.  No  rotation  or  "swirl"  is  imparted  to  the  flow,  Ref.  18, 
and  the  pressure  in  the  ultimate  slipstream  is  the  same  as  the  pressure  of  the  surrounding  undisturbed  air. 

In  axial  translation:  the  air  velocity  far  upstream  of  the  rotor  is  the  clinfc  velocity  Vc;  the  air- 
speed increases  to  Vc  - vjc  at  the  rotor  itself.  Assuming  that  the  pressure  in  the  final  wake  is  the  same 
as  the  ambient  pressure,  we  have  an  induced  velocity  vjc  half  the  value  Vj  in  the  ultimate  wake,  and  a ro- 
tor thrust  T,  (A  and  p being  the  rotor  disc  area  and  the  air  mass  density) 


T « Ap  • A - p A( V ♦ v.  )v„  • 2 p A(V  + v.  )v. 

c lc  2 c ic  ic 


(4) 


In  particular,  in  hovering  flight  (h),  figure  37,  Vc  » 0,  and  thrust,  induced  velocity,  and  ideal  in- 
duced power,  are 


T • 2 p A v? 

lh 


(5) 


v - A/2  p A (6) 

in 


pih 


- T 


v.u  - Ts/2//2"pA 
lh 


V*/2/y 


(7) 
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With  a disc  loading  T/A  • 250  N/m2  and  a helicopter  weight  W - 45,000  N 
v.{  - 10.2  m/sec  ; 45,000  * 10.2/1,000  - 453  kW 

and  this  would  represent  about  60  per  cent  of  the  total  power  in  hovering  flight,  the  rest  being  used  to  o- 
vercome  the  blade  drag  and  tail-rotor  and  transmission  losses.  In  pratice  the  hovering  power  may  be  10-15 
per  cent  larger  than  the  "ideal"  value  just  calculated.  Ref.  11. 

The  ideal  hovering  power,  eqn.  7,  expressed  in  horsepower  (with  T and  v^p  in  pds  and  ft/sec)  becomes 

Pih  " T ’ Vih/55°  ‘ hp  (8) 

P..  /T  « power  loading  ■ v„ /550  ■ /W/2  p A/550 
in  ih 

Solving  eqn.  4 for  v.^,  we  have  in  vertical  ascent 

v.  - - V /2  + /V2/4  + T / 2 p A - - V /2  + /v2/4  + v! 

1C  ' ' ih  (9) 

P.  - T(V  + v.  )/550  - W(V  /2  + Ml 4 + v1  )/550 
ic  c ic  c c ih 

In  the  same  way,  it  is  in  vertical  descent 

T - 2 p A(v  - V )v  (10) 

id  d id 

v..  - V 72  + M/U  * v2  (11’) 

id  d d ih 

P.  . " T(v.  . - V ) /550  - W(-  V 72  + Ml 4 + v?L)/550  (11") 

id  id  d d d in 


The  actuator  disc  theory  is  quite  applicable  to  the  cases  of  vertical  ascent  and  hovering,  but  inade- 
quate for  performance  predictions  in  vertical  descent. 

Assuming,  as  a better  alternative,  a pressure  in  the  ultimate  wake  corresponding  to  the  ambient  pres- 
sure plus  p v^/2,  we  get.  Ref.  11,  an  induced  velocity  in  hovering  about  6 per  cent  lower,  for  a given  disc 
loading,  than  in  the  case  of  eqn.  6.  Considering  the  small  difference,  it  is  reasonable  to  assume  that  the 
wake  pressure  and  the  ambient  pressure  are  equal. 


The  vortex-ring  state,  figure  38,  occurs  when  the  rate  of  descent  is  of  the  same  order  as  the  induced 
velocity  in  hovering  flight. 

At  higher  rates  of  descent  the  recirculation 
ceases,  the  air  slows  down  on  passing  through 
the  rotor  and  tbe  condition  is  known  as  the 
windmill-brake  state,  figure  39. 

Of  particular  interest  it  is  the  state  of 
"ideal  autorotation",  figure  40,  in  which 
there  is  zero  mean  flow  through  the  rotor, 
so  that  Vd  - v£d.  This  occurs  when 
Vd/vih  -1*8.  This  condition  is  equivalent 
to  the  motion  of  a circular  plate  broadside 
on  to  the  stream  which  destroys  the  momentum 
of  the  air  approaching  it.  The  relative  drag 


Fig.  36.  Excess  power 


Fig.  37.  Hovering  fligfit 


coefficient  Cp  may  be  carried  out  equating  the  thrust  of  the  rotor  to  the  drag  of  such  disc 

(12) 


2 p A v2 
ih 


p V2  A C/2 
d D 


from  where  Cp  - 1.23,  which  is  close  to  the  drag  coefficient  of  a circular  plate. 

The  neglect  of  the  swirl  velocity  is  justified,  because  the  flow  upstream  of  the  rotor  is  irrotational, 
and  the  swirl  velocity  behind  the  rotor,  due  to  the  bound  circulation  about  the  blades  and  the  spiral  vortex 
lines  forming  the  slipstream,  behaves  a jump  pressure  Ap  only  about  0.5  per  cent  larger  than  the  one  before 
considered. 

In  the  non-axial  translation  (forward  flight),  the  ideal  power  required  figure  41,  for  a flight  speed 

Vf,  is 

P.  , “ T cos  a • V.  siny  + Tsina  • V cosy  ♦ Tv,,  (13) 

if  v f v f if 

where  the  three  distinct  terms  correspond  to  the  powers  to  perform,  respectively,  the  work  against  gravity 
in  climb,  the  horizontal  component  of  the  total  drag,  and  the  induced  power  associated  with  the  process  of 
thrust  generation.  The  thrust  balancing  the  gross  weight  W times  kv£  coefficient,  accounting  for  the  vertical 
drag  in  forward  flight,  is  T cos  av  ■ kvf  • W.  For  those  cases  when  T cos  av  » W and  T sin  av/W  quite  small. 


i 
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ic  may  be  assumed  T “ U and 


P.,  - W(V  • sin  y + D.  • V,  cos  y/W  + v., 
if  f hf  f if 


(14) 


with  - T sina^  * horizontal  drag. 

In  horizontal  flight,  as  particular  case,  the  first  term  is  not  considered. 

In  forward  flight,  figure  41,  the  flow  velocity  u in  the  direction  of  thrust  and  the  vertical  rate  of 
climb  are 


u - 550  P /T  cos  a 
av  v 


550  (P  - P)/T  cosa 
av  v 


(15) 

(16) 


where  Pav  and  P are  the  ideal  power  available  at  the  rotor  and  the  power  required  in  horizontal  flight. 

Blade  element  theory  - 

A more  representative  picture  of  all  the  blades  belonging  to  a single  rotor  is  permitted  in  a physico- 
mathematical  model  depicting  the  aerodynamic  phenomena  occurring  at  each  blade  element. 

Considering,  Ref.  19,  the  blade  of  a rotor  composed  of  narrow  elements  dr 
wide,  having  a chord  cr  and  a defined  airfoil  sect  ion, we  have  on  each  element, 
figure  42,  lift  d Lr,  profile  drag  d Dr,  thrust  d Tr,  torque  d Qr  and  power 
d Pr  required  for  axial  translation  and  hovering 

(17) 

(18) 

(19) 

(20) 

(21) 

I l C U 1 

The  section  lift  coefficient  Cjr  is  equal  ar  • ar,  where  ar  is  th'e  slope  of 
the  lift  curve  for  the  airfoil  of  the  blade  element,  with 

Fig.  38.  Vortex  ringflow  °r  " ®r  " (*rl  + *r2)  ' 9r  ' ‘“"‘K’c  + v.^/d  r| 
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Fig.  39.  Windmill  brake 
state 


The  thrust  d Tfr  produced  by  an  elementary  ring  of  width  dr  and  radius 
r in  axial  translation,  figure  43,  can  be  expressed  according  to  the  actua- 
tor disc  theory,  eqn.  4 


d T “ 2pA(V  * v.  )v,  • 4r  x*fl*dr-p(V  + v.  )v 
rr  c lr  tr  c tr  ir 


(22) 


Equating  the  rigid  side  of  eqn.  22  to  the  elementary  thrust  experienced  by  n 
nunber  of  blades  eqn.  19  for  b blades,  we  can  solve  for  the  induced  veloci- 
ty vjr,  both  in  hovering  and  vertical  ascent  (descent),  as  function  of  the 
tip  speed  Vt  - (1  R and  the  rotor  solidity  o - ncR/iR2. 

Knowledge  of  induced  velocity  distribution,  along  the  blade,  and  hence 
of  vertical  lift  coefficients,  permits  calculation  of  the  rotor  thrust  and  power  in  hovering  and  axial  tranj, 
lation  using  the  blade  element  approach.  Substituting  Rx  for  r and  the  non-dimensional  v.  /vt  for  v^r,  we 
have  from  eqn.  22  the  total  drag  in  climb  and  hovering 
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T - 4 x R2  V2  p 
c t 


(V  /V  ♦ V.  /V  ) v.  /V  | x * dx 
c t lr  c lr  t 


(23) 


4iR2  V2 


l pfe(v.  /V 

* L ir  c 


)2  • x dx 


(24) 


where  x{  is  the  inboard  station  of  the  blade  and  x£  < 1 takes  into  account  the  tip  losses  reducing  the  blade 
radius  at  the  effective  value  Re  • xe  R.  A computerised  integration  of  eqns.23  and  24  can  be  made  through 


the  analytical  relation  between  V£r  and  x 


The  non-dimensional  thrust  coefficients,  based  on  the  disc  area  it  R2 , or  referred  to  the  blade  area  b c R, 
are,  respectively,  for  instance  in  hovering 


T /it  R2  p 
h 


C /o 
t 


t h t 

For  small  angle  $r  assumption  (d  Tj,  » d 1.^),  the  thrust  of  a blade  element  in  hovering  is 


(25) 


d T. 


p V2  x2  b c R • d x • C^/2 


(26) 


and  the  total  thrust  and  profile  power,  assuming  Cj  and  (profile  drag  coefficient)  constant  along  the 
blade  span,  and  integrating  within  x ■ 0 to  x - 1 


pV2  ox  R2*  C/6 
t 1 


0 V3  o x R2  • C/8 
t d 


(27) 

(28) 


In  axial  translation  as  well  as  in  hovering  the  induced  power  becomes 

/xs 

S(v.  /V  )3  x • dx 


P.,  - 4 x R2  V3  p 
ih  t 


(29) 


A correct  prediction  of  forces  acting  on  the  blade  in  forward  fl igftt , 
by  the  blade  element  theory,  is  obviously  not  possible. 

In  two-dimensional  approximat ion , excluding  all  of  the  aspects  of  unsteady 
aerodynamics,  corrections  for  oblique  flow  at  various  azimuth  angles,  ef- 
fects of  blade  centrifugal  field  on  the  boundary  layer,  etc.,  the  predic- 
tion may  be  simplified  to  the  case  of  a steady-state  flight. 

The  aircraft  is  moving  at  constant  speed  Vf  along  the  inclined  path  where 
Vc  is  the  vertical  component  and  V is  the  horizontal  component,  figure 
44.  The  speed  component  parallel  to  the  airscrew  disc  is 
(V  cos  av  - Vcsinav)  and  (V  - Vc  av)  in  the  case  when  the  tilt  angle  Tig.  43.  Thrust  by  an  elementary 
av  is  small,  as  it  is  usually  in  all  helicopter  flight  regimes.  ring  according  the  actjj 

In  the  case  of  horizontal  flight,  the  parallel  component  may  by  consid-  ator  disc  theory 

ered  as  identical  with  the  speed  of  flight  V^.  Measuring  azimuth  angle 

from  the  blade  downwind  position,  figure  45,  the  blade  element  perpendicular  component  is  ■ Vf  • sin 
Consequently,  for  the  blade  element  in  figure  45,  the  total  resultant  velocity  esperienced  in  the  plane  of 
the  disc  will  be  (Vt  • x ♦ Vf  sin  t{/). 

With  a blade  without  twist,  the  blade  element  in  figure  45,  at  an  azi- 
muth angle  has  an  angle  of  attack  <*r.  corresponding,  figure  42,  at 
the  pitch  angle  0r^  minus  the  total  inflow  angle 

Within  the  limits  of  the  small  angle  assumptions,  and  lift  coefH 
cients  expressed  as  after  eqn.  21,  total  thrust  T * L,  profile  drag 
torque  Qp,  total  drag  torque  Q,  rotor  profile  drag  power  Pp  and  rotor 
total  power  P,  result 
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Speeds  in  forward  fl  ight 
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The  picture  of  the  aerodynamic  events  obtained  with  the  blade  element  theory,  although  much  more  detailed 
than  that  provided  by  the  momentum  theory,  is  still  somewhat  idealized. 

Vortex  theory  - 

The  phisicomathemat ical  models  based  on  either  the  momentum  or  combined  momentum  and  blade  element  theo 
ries  cannot  help  to  handle  design  problems  and  aerodynamic  phenomena  as  tip  losses,  impulsive  loading,  etc. 
Various  techniques  of  flow  visualization  reveal  the  presence  of  vortices  in  the  wake  in  all  regimes  of 
flight,  expecially  springing  from  the  blade  tips. 

The  vortex  wake  models  developed  by  Ref.  20  for  hovering  flight  are,  figure  46;  (a)  the  "simple"  model  in 
which  each  blade  (represented  by  a lifting  line)  is  assumed  to  shed  a single  vortex  filament  from  the  tip; 
(b)  the  simple  model  to  which  has  been  added  an  inboard  vortex  sheet  shed  from  each  blade  at  radii  less 
than  that  where  the  maximum  bound  circulation  occurs;  and  (c)  a model  in  which  each  blade  (again  represented 
by  a lifting  line)  sheds  an  inboard  vortex  sheet  and  an  outboard  vortex  sheet  which  rolls  up  rapidly  to  form 
a tip  vortex.  Thrust  and  power  coefficients  are  carried  out  for  practical  applications. 

More  difficult  task  should  be  the  development  of  a model  for  forward  flight. 


Fif.  45.  Resultant  velocity  in  the 
plane  of  the  disc 


k 

i 


Fig.  46.  Models  of  the  vortex  wake 


Load  factor  and  power  in  maneuvers  - 

Considering  maneuverability,  the  load  factor  capability  is  most  important.  The  limits  are  engine  power 
in  a steady  turn  and  rotor  stall  in  a deceleration  turn.  For  future  helicopters,  g - levels  over  2.0  up  to 
high  speeds  will  be  required. 

Peak  engine  power  is  required  in  maneuverability  to  make  rapid  changes  in  flight  path  and  attitude  under  the 
precise  control  of  the  pilot,  as,  for  instance,  in  hovering  maneuvers  (turns,  jump  take-offs  and  qzick  de- 
scents), accelerations  and  decelerations,  and  target  acquisition.  Load  factor  varies  over  a wide  range 
through  the  maneuver.  A typical  turn  maneuver  is  described  on  figure  47.  In  order  to  accomplish  turn  maneu 
vers,  an  analytic  autopilot  is  required  to  present  the  pilot  flight-path  control  in  executing  the  maneuver 
with  load  factor  as  high  as  2.0.  After  a load  factor  build  up  time,  it  follows  a maneuvers  execution  time 
of  3 seconds  during  which  the  load  factor  equals  or  exceeds  the  specified  level.  For  instance,  the  terrain- 
avoidance  maneuver  requires  pull-up  to  achieve  1.75  g's  at  150  knots  within  1.0  second,  sustain  1.75  g*s  for 
3.0  seconds,  push-over  to  achieve  0.0  g for  1.0  second.  The  BO-105  hingeless  rotor  helicopter,  for  instance, 
Ref.  12,  offers  the  potential,  as  other  modem  helicopters,  for  acrobatic  loop,  figure  48. 


Fig.  47.  Typical  turn  maneuver 


Fig.  48.  Potential  for  acrobatic  loop 


I-n  military  helicopters,  rapid  and  extreme  maneuvers  will  be  necessary,  with:  maximum  load  factors  up  to  2.5, 
roll  angles  up  to  80  degrees,  rolling  speeds  up  to  50  degrees  per  second,  pitch  angles  up  to  40  degrees,  and 
pitching  speeds  up  to  40  degrees  per  second.  The  rapid  rate  of  changes  of  these  parameters  up  to  their  ex- 
tremes will,  of  course,  result  in  high  loads  and  high  consequential  engine  power. 

From  the  point  of  view  of  the  overall  airframe  vibration  levels,  there  are  severe  limitations  imposed  upon 
helicopter  maneuvering  flight  by  unsteady  aerodynamics.  The  source  of  the  problem  is  usually  a buildup  in 


J 


A 
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the  unsteady  airloads  induced  by  distorted  wake  flow,  blade  vortex  interactions,  and  dynamic  stall. 

Time  histories  of  several  aircraft  state  and  control  variables  are  shown  in  figure  49,  Ref.  21,  for  a rapid 
deceleration  from  forward  speed  to  the  hover,  whilst  maintaining  about  constant  height.  This  is  a typical 
helicopter  maneuver,  figure  50,  in  which  the  fuselage  attitudes  attained  are  high,  leading  to  reduced  visi- 
bility of  the  ground,  coinciding  with  maximum  activity  in  terms  of  pitch  rate  and  acceleration.  Inspection 
of  the  collective  pitch  time  history  shows  a very  considerable  variation,  expecially  when  the  aircraft  att_i 
tude  is  approaching  its  maximum,  even  though  the  rotor  thrust  level  has  changed  very  little  throughout  the 
maneuver.  The  same  applies,  though  to  a lesser  extent,  to  the  cyclic  pitch  change  and  the  longitudinal 
flapping  or  disc  tilt..* 

If  a constant  low  height  is  to  be  maintained,  then  control  oust 
be  very  precise  as  any  error  could  quickly  place  the  aircraft 
in  a dangerous  situation. 


ROTOR  SHAFT  TORQUE  PERIODIC  OSCILLATIONS  IN  FORWARD  FLIGHT  AND 
MANEUVERS  DUE  TO  AEROELASTIC  COUPLING  ROTOR  BLADES 

The  introduction  of  gas  turbine  power  in  helicopters  and 
the  evolution  of  rotor  blade  design  have  effectively  removed 
the  power  limitation  from  helicopter  performance.  One  of  the 
more  serious  problems  now  limiting  forward  speed  and  gross 
weight  is  the  occurrence  of  unaccettably  large  blade  torsional 
oscillations  due  to  the  periodic  stalling  and  unstalling  of 
each  blade  on  the  retreating  side  of  the  rotor.  Ref.  22.  Even 
though  the  solution  of  the  problem  is  significant  in  regard  of 
performance  gains,  it  impacts  also  on  either  the  thrust  pro- 
ducing capability  or  power  requirements  of  the  rotor  system. 

If  the  oscillations  are  harmonic  at  high  angle  of  attack,  the 
relative  damping  may  become  negative  and  the  blade  may  develop 
a seif-excited  limit-cycle  oscillation,  the  so  called  "stall 
flutter".  While  the  flutter  of  hingeless  blades  is  due  to  the 
coupling  between  blade  flapwise  and  lagwise  motion,  leading  to 
instability  at  large  blade  pitch  settings,  the  instability 
associated  with  stall  flutter  is  due  to  the  adverse  time  phas- 
ing of  the  aerodynamic  torsional  moment  resulting  from  the 
loss  of  blade  bound  vorticity  during  torsional  motion  at  high 
angles  of  attack. 

Significant  transient  loading  of  engine  structure  itself 
will  be  associated  with  rotor  blade  torsional  and  flap-lag 
oscillations.  Moreover  g forces  from  helicopter  turns,  pull- 
ups,  hard  landings,  etc.,  act  on  the  lifting  and  thrusting  ro-  Fig.  50.  Automatic  approach 

tor  and  cause  displacement  of  the  rotating  parts  of  the  engine, 

as  consequence  of  accelerations  as  high  as  10  g in  some  maneuvers.  Large  gyroscopic  moments  are  created 
when  a spinning  body  such  as  the  turbo-engine  rotates  about  some  axis  other  than  its  spin  axis.  The  size  of 
these  moments  is  a function  of  the  body  spin  speed,  mass  and  distribution  of  mass  of  the  spinning  parts  about 
their  spin  axes  (as  transmission  systems  with  roller  gear  reduction  unit),  and  the  helicopter  pitch/yaw 
rate.  The  resultant  forces  cause  damaging  cyclic  bending  of  the  rotating  disks,  blades  and  shaft.  Gyro- 
scopic moments  of  military  helicopters  may  be  of  the  order  of  200,000  ft-lb.  It  should  be  noted  that  gyro- 
scopic forces  are  generated  not  only  by  helicopter  maneuvers  but  can  also  be  induced  on  engines.  With  the 
per  cent  occurrence  of  the  standard  maneuvers  load  spectrum  the  calculated  lifetimes  may  be  more  than  5,000 
hours  for  the  rotor  shaft,  11,000  hours  for  the  rotor  hub  and  22,000  hours  for  the  blades,  and  much  less  for 
the  gas  turbine  engine. 

Vibration  in  helicopters  may  lead  to  excessive  levels  of  fatigue,  discomfort  and  performance  decrement. 
It  is  common  practice  to  design,  as  far  as  it  is  possible,  the  fuselage  such  that  the  natural  frequencies  of 
the  major  normal  modes  are  well  separated  from  the  rotor  forcing  frequency.  The  analysis  may  be  applied  to 
the  problem  of  determining  which  part  of  the  fuselage  structure  of  a particular  helicopter  is  most  effective 
in  reducing  the  rotor  induced  vibrational  response  in  the  region  of  the  pilot’s  seat.  In  fact,  in  the  de- 
sign stage  of  a helicopter  fuselage,  the  vibration  levels  are  kept  to  a minimum,  particularly  in  the  crew 
and  passenger  area.  This  may  be  achieved  by  introducing  vibration  absorbers  and  also  modification  of  the 
fuselage  structure  (damping  elements  mounted  on  the  rotor  head  or  in  the  fuselage),  or  by  designing  the  gea£ 
box  and  engine  mountings  so  that  the  transmission  of  oscillatory  forces  is  suppressed. 

The  loading  of  the  rotor  shaft  and  the  gearbox  with  its  suspension  is  different  in  the  two  cases  of  articu- 
lated or  hingeless  rotor,  in  transferring  high  moments  from  the  rotor  blades  to  the  hub  and  the  fuselage, 
mainly  by  inclination  of  thrust  vector  (thus  producing  a moment  around  the  center  of  gravity  of  the  helicoj> 
ter)  in  the  first  case,  and,  in  second  case,  by  combination  of  thrust  vector  inclination  with  a strong  hub 
moment  (thus  combining  these  two  moments). 

Influence  of  blade  flexibility  and  stall  flutter  on  rotor  shaft  torque  in  forward  flight  - 

Local  blade  loading  and  required  instantaneous  rotor  torque  are  variable  during  the  motion.  For  ins- 
tance, figure  51  shows  that  the  rotor  blade  of  a particular  helicopter  in  forward  flight  at  tip  speed  ratio 


Fig.  49.  A deceleration  manoeu 
vre  time  history 
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u - (V  co»avj)/UR  • 0.33  has  Co  operate  ac  incidences  which  vary  periodically  each  revolution.  On  the  ad 
vancing  side,  the  incidences  are  small  while  on  the  retreating  side  they  are  large  and,  for  the  greater 
part,  correspond  to  angles  well  above  the  static  stall  angle  of  a typicall  blade  section.  As  a given  blade 
advances,  the  tip  vortex  from  the  preceding  blade  may  pass  closely  underneath  it,  as  indicated  in  figure  52 
for  u - 0.2,  and  the  point  of  intersection  moves  inward  along  the  blade  as  ♦ increases . The  flow  disuniform 
icy  and  the  consequent  variable  shaft  torque  are  enhanced  by  blade  flexibility. 

FOftWMO  f LIGHT  A I 
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Fig.  51.  Angle-of-attack  distribution  with  Fig*  52.  Intersection  of  following  blade  with 

non-uniform  downwash.  V*l40knots  tip  wrtex  trail  ing  from  a leading  blade 

for  p * 0.2 

Flexibility  introduces  frequencies  of  the  blade  motion  which  may  coincide  with  the  frequencies  of  forced  mo 
tion  of  the  natural  frequencies  of  other  parts  of  the  helicopter.  The  following  equations,  valid  in  the 
case  of  simple  rotation  and  no  forward  flight,  establish,  the  flapwise  bending  as  deflection  of  the  blade 
in  a plane  perperdicular  to  the  rotor  hub  plane,  figure  53,  the  deformations  of  the  blade  in  the  lagging 
plane  (i.e.  in  the  plane  of  rotation),  figure  54,  and  the  blade  torsional  deflections  under  the  action  of 
aerodynamic  and  torsional  moments,  figure  55. 
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Fig.  53.  Flapwise  bending 


Fig.  54.  Lagvise  forces  acting 
on  blade 
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Fig.  55.  Torsional  moments  acting 
on  element 
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Eqn.  35  is  the  result  of  the  equilibrium  of  the  blade  ele- 
ment in  the  directions  of  shear  forces  S(r),  centrifugal 
tension  G,  and  ui  the  angular  deflection  under  the  bending 

moment  M ■ EJ  JL- — • 

^r2 

Eqn.  36  defines  the  moment  of  inertial  and  aerodynamic 
forces  acting  on  a given  element  of  the  blade  about  another 
point  N of  the  blade  itself. 

Eqn.  37  is  the  result  of  the  equilibrium  of  a blade  ele- 
ment under  the  torques  H acting  on  the  sides  and  the  elemen 
tary  moment  d L tending  to  twist  the  blade  in  the  nose  up 
and  down  sense. 

In  free  flapping  motion,  with  blade  loading  F^  2ero  as 
the  case  of  the  blade  in  ,,vacuo,\  eqn . 35  may  be  written 
with  the  right-hand  side  3F^/3r  • 0 and  splitted,  with  the 
substitution  of  the  solution  in  the  form  Z ■ S (r)«$(T),  and 
referring  to  x - r/R  and  ^ • ft  r,  as  it  follows, 

(EJ  - R2  — (G  — ) - m \2  G2  R4  S - 0 (38) 

dx*  dx  dx 


J2* 

d4>* 


being  id  - A G the  associated  frequency. 
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The  solution  Z ■ S(r)  • $(t)  will  be  valid  in  the  free  flapping  motion  provided  S(x)  and  satisfy  eqns. 

38  and  39  and  the  appropriate  boundary  conditions  at  the  flapping  hinge  and  the  blade  tip,  for  articulated 
hinged  blade,  and  at  x • 0 and  x • 1 (blade  tip),  for  hingeless  blade. 

The  solution  Sn(x)  for  wn  - Xn  ft  of  eqn.  38,  depending  upon  the  appropriate  boundary  conditions,  represents 
the  blade  shapes,  or  the  so  called  normal  modes  on  account  of  an  orthogonal  property.  Eqn.  39  defines  the 
simple  harmonic  motion,  for  each  An  value  determining  the  frequency  <un  - An  ft  of  the  corresponding  n th 
mode  shape  in  hortogonal  coordinates  Sn(x)  and  x,  or  Zn(x)  and  w because  9S/9r  ■ m 3*Z/3t*. 

The  solution  of  the  general  equation  35  of  flapping  motion  depends  upon  the  known  blade  loading  F^,  varia- 
ble with  the  azimuth  coordinate  $n,  and  refers  to  the  simple  case  of  axial  flight.  The  difficulty  of  reso 
nance  for  those  modes  with  a natural  frequency  u>n,  equal  or  close  to  the  rotor  frequency,  can  be  avoided  by 
appropriate  aerodynamic  damping. 

In  free  lagging  motion,  with  blade  loading  Fy  equal  zero,  eqn.  36  may  be  with  3 Fy/3r  ■ 0 and  splitted, 
with  the  substitution  of  the  solution  in  the  form  Y - R • T(x)*  X(t),  as  it  follows 

(EJ  -^y-)  - R2  (C  ~)  - m (v2  ♦ l)  n2  R2  T - 0 (40) 

dx-  dx*  dx  dx 

d2v 

— T + v2  X - 0 (41) 

dip* 

being  u>  • v ft  the  associated  frequency. 

The  solution  Y - RT(x)  • X(t)  will  be  valid  in  the  free  lagging  motion,  provided  T(x)  and  X (ty)  satishy 
eqns.  40  and  41  and  the  appropriate  boundary  conditions,  the  same  as  those  of  flapping  motion.  The  lagging 
mode-shape  equation  40  is  identically  in  form  to  the  flapping  equation,  except  that  the  frequency  ratio  v, 
defined  by  the  simple  harmonic  motion, eqn.  41,  appears  as  (v^  ♦ 1)  in  the  mode  equation,  because  the  centrif 
ugal  force  field  in  the  lagging  plane  ia  radial  instead  of  parallel  as  in  the  flapping  plane.  For  the  n th 
the  frequency  ratio  is  vn  - 

For  articulated  blade  with  drag-hinge  offset  at  x ■ 0.05,  the  first  mode  shape  has  a frequency  ratio 
Vj  » 0.274,  while,  for  hingeless  blade,  Vj»0.55  - 0.7  depending  upon  the  stiffness  near  the  root. 

The  solution  of  the  equation  36  of  lagging  motion,  for  the  response  of  the  blade,  depends  upon  the  blade  load 
ing  Fy. 

The  first  mode  frequency  of  lagging  motion  due  to  blade  flexibility  is  0.4-0. 7 t imes  the  first  mode  frequency 
of  flapping  motion.  But  an  intennodal  coupling  of  the  two  frequencies  is  due  to  the  fact  that  a blade  which 
is  free  to  flap  experiences  large  Coriolis  moments  in  the  plane  rotation  (lagging  plane). 

In  free  torsional  motion,  with  aerodynamic  moment  LA  - 0,  eqn.  37  may  be  written  with  3L^/3r  * 0 and 
splitted,  with  the  substitution  of  the  solution  in  the  form  0 - Q(x)*  C(t),  as  it  follows 

d (E  J -^2.)  - C (w2  - fl2)  Q • 0 (4?) 

, S dr  0 

dr 


- 0 


(43) 


being  u the  associated  natural  frequency.  Considering  the  high  degree  of  flexibility,  we  have.  Ref.  11,  in 
the  first  mode  of  motion,  with  a typical  value  of  a supposed  constant  torsional  stiffness  and  a root  deflec- 
tion half  that  at  the  tip  at  ft  * 0,  the  non-rotating  torsional  frequency 

ui  - 10.5  Hz 
o 

which  is  about  two  and  half  times  the  typical  rotor  frequency.  Thus,  at  normal  rotor  speed  (4  Hz),  the  tor- 
sional frequency  of  the  rotor  blade  is  about  3.35  ft,  and  may  be  so  high  as  6 ft  or  even  more. 

Here  above  we  have  considered  the  flapping  and  lagging  and  torsional  mode  shapes  and  frequencies  as 
indipendent  of  one  another.  But  in  reality,  when  the  blade  has  built-in  twist , there  is  elastic  coupling  be- 
tween the  flapping  and  lagging  motion,  as  referred  in  Refs.  25  and  26. 

Taking  into  account  the  blade  deflections  due  to  the  forward  flight,  we  have  only  small  variations  of  the 
frequencies  of  the  mode  shapes. 

The  first  flapping  frequency  ratio  Aj  of  hingeless  rotors  usually  lies  within  the  range  1.08  to  1.17,  where- 
as A2  • 3.167  and  Aj  - 5.57,  in  comparison  to  Aj  ■ 1,  Aj  ■ 2.58  and  ■ 4.60  in  the  free  flapping  motion 
of  the  articulated  rotor.  Higher  harmonic  blade  loads  resulting  from  the  flow  conditions  of  forward  flight 
produce  alternating  forces  and  rotor  moments  at  the  blade  root  and  the  hub  of  hingeless  rotors.  But,  for  a 
dynamically  well  tuned  hingeless  rotor  these  higher  harmonic  moments  are  relatively  low  compared  to  the 
first  harmonic  moments  needed  from  trim  or  flight  maneuvers. 

With  the  development  of  helicopters  capable  of  higher  flight  speeds,  the  problem  of  blade  stall  flutter 
has  become  one  of  major  importance.  Classical  flutter  involves  coupling  between  two  or  more  natural  modes 
of  vibration.  In  stall  flutter,  the  flutter  frequency  tends  to  become  equal  to  the  natural  torsional  fre- 
quency, This  implies  that  in  this  case  the  torsional  (or  pitching)  motion  predominates. 

Large  high-frequency  oscillations  in  torsional  moment,  lift  and  aerodynamic  moment,  on  the  retreating  side 
were  detected  in  flight-test  data  taken  from  a rotor  blade  during  a maneuver,  as  shown  in  the  plot  of  figure 


56,  Ref,  27.  This  response  was  the  result  of  dynamic  stall  induced  by  previously  formed  tip  vortices  which, 
under  that  particular  maneuver  flight  conditions,  pass  under  the  blade  at  the  azimuth  positions  indicated  in 
figure  56. 

The  blade  was  analyzed  next  for  an  advance  ratio  p ■ 0.1.  The  rotational  speed  at  which  classical  flutter 
occurs  was  determined.  Then,  stall-related  instabilities  w<_re  investigated.  Blade  motions  for  ft  » 4. 9 are 
shown  in  figure  57.  The  torsional  displacement  time  history,  while  not  strictly  periodic,  is  nonetheless 
brought  about  by  successive  stall  and  unstall.  The  azimuth  positions  at  which  those  events  occur  are  marked 
by  S and  U,  respectively,  on  the  ^ - scale. 
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Fig.  56.  Measured  time  history  of  section 
loading  and  moment  coefficient 
and  blade  torsional  response 


Fig.  57.  Displacement  time  histories  for 

stall  flutter  - ft  - 4.8,  9 * 

o 

■ 13  degrees,  p « 0. 1 


The  effect  of  forward  speed  on  stall-related  instabilities  was  investigated  by  systematically  varying  the 
collective  pitch  angle  and  advance  ratio,  vith  ft  ■ 3.89,  Ref.  28.  The  results  obtained  are  summarized  in 
figure  58  as  a plot  of  vs  p.  As  thrust  is  increased  at  a given  p,  the  rotor  is  seen  to  first  encounter 
a region  of  excessive  response,  and  then,  for  p-0.2  or  less,  a region  where  stall  flutter  occurs.  As  a 
result,  stall  flutter  is  confined  to  a region  somewhat  as  indicated  by  the  shaded  area  in  figure  58. 

The  suppression  of  stall  flutter  at  high  advance  ratio  is  apparently  caused  by  an  effect  similar  to  the  one 
encountered  at  low  rotor  speed,  whereby  the  flapping  motion  prevented  as  limit  cycle  from  occurring.  This 
can  be  seen  from  the  blade  motions  obtained  for  p - 0.3  and  7?^  * 0.78,  figure  59. 

In  steady  flight,  the  total  drag  torque  i)  and  the  rotor  total  power  F,  for  example  in  the  form  of  eqns. 
32  and  34,  however  complicated,  would  be  periodic  with  a frequency  equal  to  the  rotational  frequency  of  the 
rotor.  It  is  convenient  to  take  as  period  the  interval  2 ir,  since  this  is  the  angle  swept  out  by  a blade 
in  a complete  revolution  of  the  rotor.  It  is  known  that  a periodic  function  can  be  represented  by  a Fourier 
series,  figure  60 

f(tj/)»a  -a  «cos^-a.  cos  2\l<-...-b  sin^-bsin2«J/...  (44) 

o 1 2 12 

to  conform  to  the  usual  helicopter  rotation. 

For  using  torque  and  power  expressions  like  eqns.  32  and  34,  it  is  necessary  to  calculate  their  total  values 
on  the  helicopter  by  adding  the  contribution  of  the  individual  blades. 

In  steady  motion,  these  blade  contributions  are  periodic,  and  a typical  term  for  a given  blade  would  be 
a^  • cos  n \\i.  If  there  are  b equally  spaced  blades,  the  contribution  of  the  neighbouring  blades  will  be 
an  • cos  n (4>  2n/b),  and  the  total  effect  on  such  term  of  all  blades  is  therefore 


a • cos  n ♦ a • cos  n(ii»  ♦ 2 tr/b)  ♦ . . . ♦ a • cos  n I ^ ♦ 2 n (b  - l)/b  I (45) 

n n n 


The  frequency  becomes  proportional  to  the  rotational  frequency  of  the  rotor.  Lift  and  drag  coefficients 
Ci r^,  and  to  be  used  in  expressions  like  eqns.  32  and  34  for  total  rotor  torque  and  power  have  to  be  de- 

duced experimentally,  like  the  ones  on  figure  56.  In  this  way,  unsteady  motion,  as  in  maneuvers,  flexibil- 
ity and  eventual  stall  flutter,  may  be  taken  into  account. 

During  the  last  few  years  a number  of  complex  analyses  dealing  with  the  cyclically  variable  total  rotor 
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Fig.  S9.  Displacement  time  Uijs 
tories  at  high  advance 
ratio  - fi  -3.89.C.  -*78, 
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Fig.  60.  Periodic  function  of 
the  rotor  torque 
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torque  ami  power  have  been  developed  by  t he  helicoplet  indiisf  rv  mnl  have  Itpii  impl  ement  ed  bv  sophisticated 
computet  progiam*.  Komilis  from  these  progiam*  have  been  compared  in  flight  tout  ami  wind  tunnel  tent 
dat  a. 

In  a rotor  simulation  ol  this  type,  it  in  hove  vet  difficult  to  compute  the  powet  local  lift  and  dtag  corf 
fictenl*  a*  associated  to  inertia  and  ae  rodvnami  c effect*  due  to  blade  featherittg  and  bending  moment*.  This 
mav  be  accomp  I i sited  Iv  a verv  accuiate  analytic  count  met  ion  of  the  uudelotmed  blade  and  a suprtposit  ion  of 
the  blade  elastic  bending  on  thin  shape. 

In  1 1 iience  ot  the  blade  aeioelantic  stability  and  tesj'ouse  on  totoi  nhalt  toique  in  fotwatd  flight 

Vhe  aetoelastic  ptobletu  in  fotwatd  flight  t * luithet  complicated  bv  the  appeaiance  of  pet  iodic  coetti 
cient*  tit  the  equation*  of  motion,  and  in  the  exptesston*  of  the  arimutal  dint  tihut  ion  of  total  tot  ot  totque. 
The  computation  ot  the  nunteadv  aetodvnamic  load*  ott  a iotot  blade  id  a formidable  tank  in  c. 'input  at  t ona  l flu 
id  mechanics. 

It  in  only  the  recent  work  presented  in  Kefs.  and  10  that  given  a consistent  treatment  of  this  ptoblem. 
And,  from  the  other  hand,  the  coupled  flap  lag  totnioual  aetoelastic  ptoblem  in  n imp  l v a component  , Ket.  U, 
ot  the  coupled  totoi  fuselage  aetoelastic  problem  in  fotward  flight. 

Vhe  rotary  wing  aetoelastic  problem  described  in  often  tent  tided  basically  to  single  blade  aetoelastic  pto- 
blem. In  reality,  mterblade  mechanical  coup l ittg  between  the  totoi  fuselage  and  the  emit  ml  system  can  have 
a significant  effect  on  aetoelastic  stability  and  response  ol  thin  complex  aetoelastic  system.  A numhot  of 
these  problems  pettaitnng  to  hingeless  totoi  flight  dynamics  have  been  reviewed  in  gteat  details  tit  Kels.  ' f, 
10,  )2  and  1 1. 

Vhe  three  partial  ei  t feteut  ial  non  litteat  second  ordet  equation*  of  equilibtium  foi  the  coupled  flap  lag 
torsional  problem,  relatively  to  a hiugelenn  blade  in  hovel  , can  be  taken  f t nm  Ket.  fl  and  correspond  to  the 
geometry  of  the  problem  shown  in  figure  hi  and  f»,*.  Such  equal  ions,  heto  omitted  tot  btevitv,  take  into  ac 
count.:  stittuess  K.l  lot  flapwise  and  inplane  bending,  respect  ive  lyj  terms  associated  with  elastic  coupl  mg; 
x,  v and  t displacements  of  a point  on  the  elastic  axis  **1  the  blade;  elastic  totsional  deloimatton;  distrib 
uted  external  loading  torques  in  the  x,  v and  9 direct  ions,  resided  ivelv;  lesultant  total  loadings  pet  unit 
length  in  the  x,  v,  and  9 directions,  leaped  ivelv;  centrifugal  tension  in  the  blade;  totsional  stiffness 
Ui . Vhe  solution  of  such  equal  ions  indicates  in  general  stable  con t i gural ions  tot  coupled  flap  lag  torsional 
analyses,  relative  to  lungeless  blades  in  hover.  Various  blade  cont \ gut  at  ions  can  be  destabilised  bv  pie 
cone,  droop,  offsets,  and  negative  built  -in  twist,  which  tends  to  tedtice  the  stabilising  structuial  coupling 


Vhe  forvat d flight  condition  iut roduces  cons i del  ah  1 e compl i cat  ions 
rotary-wing  aetoelastic  stability  and  response  problems. 

Vtom  the  aetodvnamic  point  of  view,  it  leads  to  a much  more  cotttplicat 
ed  representation  of  the  unsteady  aerodynamic  forces.  Moreover,  it  te 
suits  m a region  of  reversed  flow,  which  is  also  accompanied  bv  local 
ly  stalled  flow  in  the  retreating  blade  region.  The  corresponding  to 
tor  t ot  a l iltag  totque  and  the  totoi  total  powet  l*  aie  function  of 
the  speed  ratio  p and  the  apimulal  angle  \f>  during  the  revolution  lev 
cle).  A combination  ot  unsteady  aerodynamics  ‘as  referred  t c cltang 
iug  torque  Q in  the  rotot  cycle!  and  stiuctural  dvuamii's  is  repre 
seuted  bv  the  totatvwing  ae  t oe  l ast  i c t espouse.  I'll  i s atea  lias  been 
recently  reviewed  in  Kefs.  !*«,  It  and  U>. 

PREDICTION  OK  AKROKUSTlt:  AND  VI HRAT10NAI.  INSTAKll.lTlKS  IN  THE 
COMPLETE  COUPUCD  R0T0K  KUSELAtiE  CONTROL  SYSTKM 

The  realistic  rotatv  wing  aetoelastic  problem  is  obviously  the  in 
terblade  mechanical  coupling,  ot  the  coupl  ittg  between  lotoi  and  the  tit 
selage,  oi  the  coupling  between  the  totoi  fuselage  and  the  couttol  svs 
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Kig.  ('  1 . Prfotmed  elastic  axis  lot 
a typical  cantilevered 
pet  formed  totoi  blade 


Ptedict  it'll  mei  Itod*  tot  estimating  total  aitcialt  tlvuamic  stability  and 

pet  formed  rotor  blade 

i e spoil  se  clta  t at  I e i t a t t cs  have  been  developed  bv  stalling  with  a minimum 
u umbel  ol  tlegiees  ol  lieed.mi  to  desetibe  t lie  system. 

llowrvet,  the  capability  It*  simulate  the  t.'tal  vehicle  t espouse  and  lotoi  loads  due  t o a given  pilot  act  ion  is 
not  now  at  tie  level  to  peimit  theoteftcal  design  ol  damage  prevention  devices. 

Airloads  in  fotvatd  flight  o i m maneuveis  aie  etuis  idei  etl  as  result  of  an  empirically  modified  ttnilonn  ml  lew 
which  is  dependent  tiom  the  iotot  iati«»  and  sliatt  movement  ami  ftom  the  unsteady  blade  aerodynamic*  due  to  an 
gle  of  attack  cyclically  vai  table,  (light  Mach  uitmhei  and  b l atfe  shape. 

Vov  example,  a single  lout  Mailed,  gv  t o controlled  hingeless  rotot  helicopter,  mav  simulated  as  a model  divid 
etl  into  llitee  main  parts:  the  iotot,  t lie  body,  ami  the  control  system,  i el  at  etl  t o one  ain't  het. 

Vhe  analysis  becomes  the  simulation  of  a complete  helicoptci  which  involve*  a detailed  dynamic  desci  ipt  ion  ot 
the  roloi  ami  *•  *»»r  t t «« t system,  as  well  as  the  convent  iona  l six  tlegiees  ot  (teedom  body  dynamic  description 
which  operates  both  in  a preset  ibed  flight  ct'iidi  tit'll  and  in  ttansient  It'atls  impose«l  by  pilot  inputs.  In  the 
first  case,  the  aitciatt  is  const  taiued  1 o uniform  flight,  while  the  couttols  aie  engaged  to  obtain  a lotcr 
ami  moment  equi  1 ib  t i tsn  t*f  the  vehicle  at  that  static  condition,  opetating  tlnectlv  t'n  main  collective  and  cv 
clic  pitch,  tail  rotot  ami  airctaft  attitude.  In  the  second  case,  rotor,  couttols  and  aitltame,  ate  ttee  to 
respond  dynamically  to  external  inputs. 

Vhe  rot ot ct aft  mav  be  simulated  dynamically  in  t hit  tv  coupled  degiees  ol  tieedom:  six  foi  the  body,  tom  foi 
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tin*  hub  (pitch,  roll,  height  displacement  lor  deformation,  and  rotational  speed),  tour  lor  the  combination  of 
the  control  gy ro/swash-plate.  Notion  of  each  of  the  lour  main  rotor  blades  are  simulated  by  two  tlapwise 
and  one  inplane  modes  and  a pitch  horn  bending  degree  ol  freedom  which  couples  blade  leathering  to  the  con- 
trol gyro.  In  addition  to  these  thirty  degrees  of  1 1 eedom , it  may  be  considered  a lirst  torsion  mode  lot- 
each  blade.  Since  the  frequency  of  this  mode  is  usually  over  4 Q,  quite  higher  in  comparison  to  the  other 
dynamic  mode  of  interest,  a dynamic  representation  of  this  mode  increases  the  computation  complexity.  This 
mode  is  included  as  a massless  elastic  response  to  blade  torsion  moments  with  a first  order  lag. 

2 . The  model  with  thirty  degrees  of  freedom  may  be  written  in  matrix 

» form,  and  can  handle  hover,  forward  flight,  and  maneuver  flight  con 
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Ret.  18  is  referring  about  a single  two-dimensional  model  of 
the  fuselage  comprising  2S  elements  and  60  degrees  of  freedom  (two 
translational  and  one  rotational  at  each  node),  figure  61.  Both 
vertical  and  horizontal  responses  at  the  pilot's  seat  have  been  com 
put ed . The  excitation  on  the  structure  is  an  oscillatory  couple  of 
frequency  21.7  Hz  applied  at  the  top  of  element  1 as  show  in  the 
figure.  Through  the  continuous  variation  of  the  stiffness  of  some 
elements  during  the  sinusoidal  excitation  force,  there  is  the  possji> 
bility  to  absorb  the  vibration.  The  calculation  makes  possible  to 
know  betore-hand  which  are  the  most  sensitive  areas  of  the  fuselage 
structure  to  limit  vibration  response  in  the  crew  and  passenger  ar- 


Efficient  design  practice  for  rotorcraft,  which  includes  appro 

f — i -ttlM  priate  vibration  analysis,  requires:  an  estimation  ot  rotor  loads 

M on  the  fuselage  structure  based  on  lolly  aeroelastic  analysis;  an 

&«<•  iii«  adequate  knowledge  of  the  structural  characteristics  to  determine 

coupled  natural  frequencies  and  mode  shapes;  an  evaluation  o!  in- 
Ftg.  62.  Ceneral  blade  conligura  ... 

— Might  vibration  and  fuselage  response. 

1 1 on  and  de  format  ion  , . , ....  . 

This  work  takes  a very  high  long  and  expensive  work  at  the  IBM  <70 

168-type  computer  t ime.  In  such  a way,  the  hub  supporting  struc- 

ture can  be  properly  designed  to  minimize  the  transfer  ot  high  periodic  forces  and  moments,  into  the  basic 
rotorcraft  structures,  imposed  particularly  during  ‘he  so-called  transition  flight  regime  between  hovering 
and  forward  flight  anil  high-speed  flight. 

High  vibration  levels  are  established  by  aerodynamic  loading,  and  aeroel ast icily  ot  the  rotor  blades, 
and  resonance  amp  1 i f ical ion  of  the  structure. 

As  before  mentioned,  speed  changes  and  periodic  variation  in  the  angle  ol  attack  encountered  by  the  rotor 
blades  generate  alternating  ai  i forces  once  per  revol  ut  ion  and  at  multiples  of  this  frequency.  (Generally, 
only  those  forces  which  have  a frequency  that  is  multiple  ol  the  number  ol  blades  are  transmitted  to  the 

structure  in  the  vertical  direction.  It  the  frequency  of  the  transmitted  force,  usually  small  in  compari- 

son to  the  weight,  is  near  the  structural  resonance  frequency,  then  large  amp l i t icat ion  may  occur.  Instead 
ot  considering  each  component  separately,  a coupled  system  and  the  effect  ot  the  interaction  ol  the  compo- 
nents (blades,  fuselage,  engine,  etc.)  is  analyzed,  in  order  to  find  out  which  structural  component s t»e 
of  primary  importance  in  calculating  resonances.  • 

Rets.  39  to  42  give  the  possibility  to  apply  the  1*-^"  • 

Li  gran  go  energy  equations  and  the  matrix  methods  tv'  the  *\  £ 

determination  of  the  undamped,  natural  coupled  frequen-  / 1 ' ~ A 

cies  of  the  vertical  vibrations  of  a tandem  helicopter.  f I , 


Programs  of  helicopter  flight  simulation  have  been  cr  \\  • M »•*•«, 

under  development  for  the  past  decade.  Ref.  43.  The 

analysis  describes  a wide  variety  of  helicopter  cortfigu  Fig.  hi.  Structural  model 

rations  single  rotor,  compound,  tandem,  or  side-by-side, 

and  covers  a broad  range  of  flight  conditions,  as  hover,  transition,  cruise,  or  high  speed.  The  programs 
are  oriented  in  terms  of  preparing  the  input  data  and  interpreting  the  results  for  performance,  stability 
and  control,  and  fully-coupled  t ime-variant  aeroelastic  analysis  during  steady  or  maneuver  flight. 


In  this  way,  vibration  control  has  been  achieved  through  rotor  systems  so  designed  to  eliminate  vibra- 
tory bending  moments,  detuning  blades  natural  frequencies  and  the  harmonics  of  rotational  speeds,  inoorpora 
lion  of  isolating  devices  or  dynamic  absorbers. 

Increased  periodic  forces  are  occurring  when  the  rotor  thrust  is  increased,  during  transition  from  hovering 
to  forward  flight,  and  at  higher  tip-speed  ratios.  The  harmonics  above  the  fourth  are  generally  below  20 
percent  of  the  principal  harmonic  force.  In  turn,  the  magnitude  of  the  harmonic  forces  other  than  the  nth 
one  for  n-blade  rotor  is  generally  below  SO  percent  ol  the  principal  n-th  harmonic. 

The  analysis  ot  blade  torque  moments  indicates  the  magnitude  ot  the  harmonic  component  s to  be  about  S 

percent,  respect ive ly,ot  the  steady  components  ol  the  moments. 

But,  still  now,  rotorcraft  are  operated  at  reduced  speeds,  as  much  as  20X  below  the  forward  velocity  that 
they  might  otherwise  achieve,  because  of  vibratory  environments. 

However,  the  understanding  the  sources  of  vibration  is  more  and  more  required  tor  reaching  forward  speed  as 
high  as  100  knots. 


i 
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Basic  inputs  for  helicopter  performance  prediction  are  aircraft  data,  airfoil  characteristics,  engine 
data  under  various  altitude  and  power-setting  conditions,  and  mission  flight  segments  (ascent,  maneuver,  de 
scent  and  steady  state).  Important  characteristics  for  the  airfoil  are  the  variation  of  section  lift  and 
drag  data  with  Mach  and  Reynolds  numbers.  basic  data  of  the  assumed  propulsion  system  are  power  rating  vs 
temperature  and  pressure  altitude,  and  SFC  and  fuel  flow  vs  partial  power. 

The  performance  prediction  procedure  starts  with  calculations  for  hovering  outside  of  ground  effect,  consid 
ering  main  and  tail-rotor  induced  and  profile  power,  as  in  the  computer  program  of  Kef.  44,  and  vertical 
downwash  drag  because  of  the  rotor  flow  velocity  distribution  on  the  airframe. 

A more  complex  performance  prediction  procedure  follows  for  forward  flight,  incorporating  vortex  theory  in 
determinating  airframe  drag,  power  required  in  horizontal  flight  at  higher  speeds,  maximum  rate  of  climb  at 
various  altitudes,  and,  finally,  aerodynamic  and  aeroelastic  limits  (stall,  stall  flutter,  excessive  pitch 
link  loads,  etc.)  to  maximum  flight  velocity. 

PREDICTION  OF  AEROELASTIC  INSTABILITIES  AND  FATIGUE  LIMITS  IN  ROTORCRAFT  ENGINES 

It  is  a bad  way  to  fly  as  a helicopter  does.  Even  though  the  flight  accident  statistics  refer  about 
pilot  error  or  autorotation  landing  as  recurring  cause  of  crash,  the  propulsion  system  is  more  often  respon 
sible  to  fail  because  of  its  original  deficiency  in  satisfying  instantly  excessive  loading  factors  imposed 
on  the  cyclically  variab le\  rotor  torque  during  the  pilot  transitional  inputs  from  a flight  segment  to  ano- 
ther. The  computerized  fuel  control  is  effectively  inadequate  to  establish  continuous  equilibrium  between 
shaft  drag  torque  and  delivered  engine  torque,  in  that  resulting  excessive  rpm  inertial  dissipation. 
Moreover,  limitations  are  imposed  upon  the  operation  of  helicopters  as  a result  of  the  high  aeroelastic  vi- 
bration levels  encountered  in  flight,  and  transmitted  to  the  driving  engines.  The  assoc iuted h igh  periodic 
loads  on  the  engine  rotating  parts,  particularly  during  the  so-called  transition  flight  regime  between 
hovering  and  forward  flight  and  during  high-speed  flight,  are  contributing  substant ial ly  to  materiel  fa- 
tigue and  consequential  high  rate  of  replacement  and  maintenance  of  component  parts.  Extreme  flight  concU 
tions  are  right  and  left  turns,  rolling  pull-outs,  longitudinal  reversal,  cyclic  and  collective  pull-ups, 
slope  landings  and  starts. 

Output  shaft  rpm  cannot  vary  generally  more  than  10  percent,  and  gas  turbine  engine  operation  may  become 
critical  at  the  minimum  rpm  values,  with  a consequent ial  loss  of  rotor  thrust. 

Surge  still  exists  in  engines  that  have  been  abused.  Repeated  surging  and  the  attendant  transient  torsional 
loads  from  the  engine  can  cause  damage  to  the  airframe  components. 

The  interstage  bleed  system  automatically  relieves  the  compressor  of  a small  amount  of  air,  during  the  peri 
od  of  the  engine  acceleration  cycle,  at  slight  loss  of  power.  The  entire  sequence  operation  should  be  con- 
trolled by  the  fuel  control  which  should  sense  gas  producer  rotating  speed,  luel  flow  and  pilot  demand, 
therefore  ensuring  proper  opening  and  closing  of  the  interstage  air-bleed. 

To  provide  the  desired  surge  margin,  the  angle  of  attack  of  the  inlet  air  to  the  first  stages  of  the  com- 
pressor rotor  must  be  within  the  stall-free  operating  range  of  the  transonic  airfoil  (first  stages  of  the 
compressor).  Since  this  stall-free  operating  range  varies  with  compressor  speed,  it  becomes  necessary  to 
vary  the  angle  of  attack  as  a function  of  compressor  speed,  through  angular  variation  of  the  first  stages 
inlet  vanes.  A servo  valve  is  located  within  the  fuel  control  to  actuate  synch ronica 1 ly  the  fuel  feeding. 
The  fuel  flow  system  sequence  is  unable  to  follow  abrupt  or  high  frequency  changes  of  required  engine 
torque. 

The  fuel  control  is  a hydro-mechanical  device,  with  fuel  regulator  and  power  turbine  governor.  The  acceler 
ation  and  deceleration  fuel  flow  control  may  be  in  excess  of  the  engine's  ability  to  immediately  produce 
the  desired  power.  To  get  a good  performance,  the  amount  of  fuel  added  to  the  air  in  the  combustor  must  be 
exact  at  all  times,  in  acceleration,  deceleration  and  steady  state  engine  operation.  As  a result,  the  en- 
gine should  be  brought  through  transitory  condition  as  rapidly  as  possible,  keeping  the  rotorcraft  out  of 
dangerous  mixtures.  Boost  pumps,  check,  metering,  dump,  pressurizing  and  shutoff  valves,  and  pressure  rogu 
lator,  of  the  automatic  fuel  flow  system,  are  a very  complex  matter,  susceptible  of  possible  malfunctioning 
or  failure  during  rapidly  changing  operation.  The  emergency  fuel  system  must  be  operated  with  some  care  to 
avoid  engine  damage.  Gas  producer  governor  and  power  turbine  governor  are  sensing  any  deviation  in  steady 
state  of  the  corresponding  compressor- turbine  rotor  and  free  turbine  rotor.  The  transient  air-bleed  control 
on  the  compressor  rotor  of  the  gas  producer  turbines  is  not  able  to  operate  correctly  during  power  turbine 
rotor  acceleration.  Unsteady  airloads  on  the  helicopter  main  rotor  might  be  so  high  to  stop  at  all  the  com 
bust  ion  process. 

As  shown  on  figures  9 and  51,  the  lifting  capability  in  forward  flight  of  a rotor  blade  is  changing 
with  azimutal  angle.  Using  a multi-blade  rotor,  the  corresponding  thrust  disuniformity  is  highly  attenu- 
ated. The  oscillating  aerodynamic  forces  of  the  individual  blades  are  superimposed  in  the  rotor  hub  sec- 
tion. With  increase  of  blade  number,  more  rotor  harmonic  loads  on  the  fuselage  are  considerably  reduced. 

The  oscillating  vertical  forces  during,  say,  a 140  knots  horizontal  flight,  for  rotors  with  different  num- 
bers of  blades,  are  shown  in  figure  64.  The  basic  blade  passage  frequency  is  much  lower  on  the  two-blade 
rotor,  which  is  an  unfavorable  effect  on  the  aircraft  vibrations.  The  substantial  vibratory  improvements 
with  a higher  number  of  blades  is  that  the  blade  passage  frequencies  normally  get  outside  of  the  body  reso- 
nance frequency  regions,  so  that  the  exciting  forces  cannot  come  through  into  the  airframe. 

As  for  the  vertical  force  in  the  rotor  hub  section,  the  engine  driving  torque  is  variable  with  the  azj^ 
mutal  angle  in  forward  flight.  Thus,  the  torque  may  be  expressed  by  a Fourier  series,  eqns.  44  and  4S. 

An  instability  criterion  for  the  prediction  of  the  corrisponding  flow  distortions  and  aeromechanical  re- 
sponses, and  the  fatigue  effects  of  alternating  stresses  on  the  engine  "life"  may  be  found. 
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High  speed  forward  flight  - 

In  this  condition,  figures  2,  3 and  16, the  multi-blade  rotor  drag  torque  is  variable  during  each  revo- 
lution because  of: 

- cyclic  pitch  control  (by  blade  feathering)  of  the  amount  of  forward  thrust  for  each  blade,  following  the 
methods  of  figures  4,  6 and  9,  in  a different  way  according  the  flapping  and  lagging  motion  of  the  articu- 
lated rotor,  figures  10,  11  and  12,  or  the  hingeless  rotor,  figures  13  and  14,  with  blade  stall  vibra- 
tion and  unsteady  aerodynamic  effects  at  very  high  flight  speed; 

- coupled  flap-lag-torsional  multi-blade  aeroelastic  effects,  figure  20,  stall  flutter  and  air  resonance; 

- coupled  rotor/ fusel age , figures  21  and  34,  aeroelastic  feedback  effect  on  the  rotor. 

Adimensional  amplitude  AQ/Q  and  frequency  ^/^av  rotor  torque  cyclic  variations  may  be,  near  the  maximum 
flight  speed,  respectively,  of  the  order  of  0.1  and  0.05,  as  compared  with  the  measured  values  of  ^C|/Cjav, 

ACT/GTay’  A0/9av’  AVZBav’  AVZ<frav’  fi8ures  16»  18»  19»  20»  45»  51 » 56»  57»  59  and  64‘ 

The  cyclically  variable  rotor  drag  torque  Q is  reduced  in  amplitude  and  disuniformity  to  the  shaft  of  the 

free  (power)  turbines.  For  a single-engine/single-rotor  helicopter,  the  speed  reduction  ratio  between  the 
engine  and  main  rotor  is  now  about  80:1  and  will  increase  in  the  foreseable  future.  In  the  same  speed  ratio 
the  rotor  torque  disuniformity  and  frequency  is  diminished  on  the  engine  shaft.  The  gas  turbine  engines 
that  have  been  designed  primarely  for  helicopter  use,  such  as  the  General  Electric  T-58,  the  Lycoming  T-53, 
figure  65,  and  Allison  T-63,  were  required  to  have  an  integral  gearbox,  to  reduce  the  output  speeds  and  the 
main  rotor  speeds  to  approximately  6,000  and  300  rpm.  In  the  power  distribution  system,  the  power  turbines 
are  running  at  high  supercritical  speed  and  the  relative  vibration  amplitudes  are  safely  controlled  by  one 
properly  designed  and  located  spring-mounted  damper.  In  the  UH-1  helicopter,  powered  by  a Lycoming  T-53-L- 
11,  with  a takeoff  rating  of  1,100  horsepower  at  21,000  rpm,  this  speed  is  reduced  to  6,050  rpm  through  a 
nose-mounted  gearbox,  figure  66. 

f (kp)  firm  wilfftt'iti.V-mits 
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Fig.  64.  Oscillating  vertical  forces  on 
rotors  with  two,  three  and  four 
blades 

When  the  rotor  drag  tor<uie  Q is  reduced  about  80  times  to  the  free  (power)  turbines,  there  is  in  general 
sufficient  damping,  through  the  engine  gear  box  (between  power  shaft  and  drive  shaft)  and  the  planetary 
gear  unit  (between  drive  shaft  and  rotor  shaft),  with  passive  heat  production,  to  absorb  the  most  part  of 
the  rotor  drag  torque  disuniformity  during  the  low  speed  forward  flight  at  limited  vibrational  and  aero- 
elastic effects.  But,  when  the  forward  speed  is  so  high  to  start  blade  stall  vibration  and  large  amplitude 
aeroelastic  effects,  the  engine  is  quite  largely  influenced  and  cannot  compensate  the  required  power  fluctu 
ations  through  the  automatic  fuel  control  action.  We  may  expect  in  this  case  considerable  power  turbines 
vibration  and  engine  flow  distortion. 

With  Qe  and  u>e  corresponding  to  the  power  turbines  shaft  torque  and  its  angular  speed,  the  power  balance  at 
each  azimutal  angle  value  may  be  expressed 

Q • a)  (1  - n.)  - Q • fl  (46) 

e e 1 

where  nj  is  the  mechanical  efficiency  due  to  power  dissipation  through  the  reduction  gears.  The  engine 
torque  from  eqn.  46 

Q - Q(i  - m)  n/w  - (Q  ♦ a q)  (l  - m)  n/w  (47) 

e 1 e av  “ 1 e 

is  cyclically  variable,  depending  upon  the  rotor  torque,  expressed  on  the  basis  of  eqns.  43  and  44,  and  the 
changing  mechanical  behavior  (n i ) • It  is  u>/0  - 80  times  smaller  than  Q.  And,  since  both  gas  turbine  and 
helicopter  rotors  operate  at  a tip  speed  based  on  Mach  number,  this  rotational  speed  ratio  will  increase 
with  advanced  technology  engines,  where  the  turbine  inlet  temperatures  will  probably  still  increase  appre- 
ciably. 

At  constant  forward  flight  speed,  the  control  fuel  setting  is  such  to  deliver,  with  a fuel  flow  G-pds/sec 
at  net  heat  value  K ■ Btu/pd,  a fuel  power  G »K  • 237.5/550  ■ hp,  corresponding  to  the  following  mechanical 
balance 

G*K«  237.5  - (Q  *0  ♦ Q • w )/n  n * pds  - ft/sec  (48) 

av  av  c ec  t m 

where  Qc,  u>ec,  nt  and  n^,  are  the  torque  and  rotational  speed  of  the  compressor  turbines,  and  the  terms  1 
and  mechanical  efficiencies. 
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Now,  the  cyclically  variable  power  turbines  rotational  acceleration  du>e/dt  is  depending  upon  the  inability 
of  the  fuel  control  systems  to  vary  instantaneously  the  derivered  power,  eqn.  48,  and  it  may  be  expressed 
as 

♦ du > /dt  - AQ  • il/u)  (J  ♦ J,  ♦ J ♦ J ♦ J ) (49) 

— e e 


J1  +J2  4 J3  + Jr) 


where  .le  is  the  power  turbine  rotor  system  moment  of  inertia,  and  Jj,  J2,  J3,  Jr  are  the  moment  of  inertia 
reduced  (through  the  square  rotation  speed  ratios)  to  the  power  turbine  shaft,  respectively  of,  figure  66, 
engine  box  gear,  drive  shaft,  planetary  unit  gear,  and  helicopter  main  rotor.  (In  the  complete  system  of 
figure  1,  it  has  to  be  taken  into  account  the  tail  rotor  torque  di sun i formi ty  and  the  reduced  moment  of 
inertia  of  the  relative  driving  system). 

The  rotational  acceleration  is  cyclically  variable  according  the  expres 
sion  of  AQ  and  Q,  Practically,  such  acceleration  is  also  influencing 
the  gas  producer  rotor  speed,  introducing  flow  distortions  and  aerome- 
chanical  effects  inallthe  engine. 

From  the  thermodynamical  point  of  view,  high  speed  forward  flight 
in  helicopters,  induces  mismatching  in  the  rotating  components  and  then 
operation  in  low  performance  parts  of  their  map,  and  compressor  and  tu£ 
bines  lack  of  efficiency.  It  is  even  possible  that  the  faulty  compo- 
nent puts  itself  in  the  situation  where  it  is  finally  poorly  used.  Ma£ 
gins  to  limit  such  risks  have  to  be  introduced  by  the  designer;  they  can 
not  be  substituted  by  ignorance  factors  according  advanced  prediction 
techniques. 

The  thermal  differences  and  consequential  mechanical  deformations  re- 
duce blade  tip  and  seals  clearances  and  involve  adjacent  component  in- 
teractions (as  temperature  and  pressure  profiles,  wakes,  turbulence  are 
generated  upstream  and  downstream),  in  this  kind  of  modem  high  loaded 

turbomachinery.  Rematching  actions  are  contributing  to  diminish  the  materiel  fatigue  limits. 

The  aeromechanical  response  in  a rotor  blading  operating  in  a circumferential  distortion  is  th«  periodic 
forcing.  The  relative  inflow  condition  consists  of  a superposition  of  terms  with  harmonic  time  v.-it  it  i n. 
The  frequency  would  be  60  nN  Hertz,  where  n is  an  integer  and  N is  the  rotational  speed  in  rpm.  lice 

the  Fourier  harmonic  periodicity  comprehends  n - 1 and,  in  some  degree,  all  other  n.  In  addition 
sibility  of  increased  levels  of  turbulence,  the  degradation  of  flow  in  the  axial  blading  may  lea«  t 

onset  of  self-excited  blade  vib ration  (sta 11  flutter)  or  self-excited  fluid  oscillation  (stall  prot 
The  propagating  stall  may  be  treated,  from  an  aeromechanical  point  of  view,  as  any  other  periodic  t lhe 
frequency,  however,  is  not  an  integer  multiple  of  the  rotational  speed,  but  usually  between  40  and  1 per- 
cent of  the  rotor  speed.  Stall  flutter  may  occur  during  compressor  surge,  and  the  relative  period  in  which 
the  flow  is  reversed  is  two  or  three  orders  of  magnitude  greater  than  the  period  of  natural  blade  vibra- 
t ions. 


Fig. 


66.  UH- 1 transmission 
system 


From  the  mechanical  point  of  view,  periodic  and  inertia  blade  loadings  may  have  serious  consequences 
with  respect  to  the  discs  and  shafts  to  which  these  blades  are  attached.  Flutter  may  be  expected  to  exert 
oscillatory  blade  root  reactions.  The  beam-like  vibrations  of  the  shaft  have  as  their  genesis  the  excita- 
tion by  a rotating  stall  pattern.  The  higher  harmonics  of  the  excitation  over  the  discs  may  provoke  rele- 
vant flexural  modes  of  forced  vibration. 

As  the  compressor  blades  are  often  secured  and  held  in  place  by  spring- loaded  locking  plates  and  pins,  the 
fatigue  limits  are  shortened  by  stall  flutter  and  stall  propagation. 

A mathematical  model  for  prediction  of  the  aeromechanical  response  of  helicopter  engines  to  rotor  angular 
vibration  and  consequential  time-dependent  flow  pressure  and  temperature  distortion  is  beyond  the  scope  of 
the  present  work.  It  is  however  possible  to  combine  flow  parameters  and  alternating  stresses  to  get  for 
them  numerical  solutions  for  the  engine  vibration  problem  in  high  speed  forward  flight. 

The  problem  of  fatigue  limits  is  an  important  aspect  in  the  design  of  helicopter  engines,  due  to  the  di- 
ve l opme nt  of  loads  spectra  heavier  than  in  fixed  wing  aircraft  engines.  Newer  and  more  accurate  methods  of 
predicting  the  fatigue  and  crack  growth  lives  of  rotorcraft  engine  structural  and  rotating  components  are 
needed. 

The  typical  fatigue  problem  of  helicopter  engines  is  high-temperature  and  cycle-fatigue.  At  elevated  tem- 
peratures the  need  for  reliable  procedures  for  lifetime  prediction  of  gas  turbine  engines  is  of  increasing 

concern,  considering  deformation  during  cyclic  loading  and  environmental  effects.  If  one  assumes  that  dam- 
age in  creep  is  effectively  the  same  as  damage  in  fatigue,  then  a linear  interaction  relationship  can  be 
estab l i shed. 

Frequency  modifies  the  behavior  at  high  temperatures.  An  increase  in  frequency  reduces  the  inelastic  strain 
per  cycle  by  exclunding  time  dependent  deformation  processes,  or  it  reduces  the  t ime  available  for  environ- 
mental attack  in  each  cycle. 

Environmental  effects  on  the  fatigue  of  aircraft  engines  have  been  neglected  in  the  past . Damage  behavior 
was  analyzed  by  fatigue  and  fracture  mechanics  without  paying  much  attention  to  the  environment.  But,  from 
the  time  of  the  broad  utilization  of  helicopters  in  level  flight,  over  the  sea  and  in  extreme  cold-weather 
operations,  some  laboratories  started  to  investigate  corrosion  fatigue,  now  to  be  overimposed  to  the  high 
temperature  and  frequency  fatigue  investigation.  In  gaseous  environments  such  as  air,  water  vapour  has  been 

shown  to  be  the  species  damaging  to  the  fatigue  life  of  aluminium  and  its  alloys,  and  stell.  The  effect  of 

the  more  aggressive  environment  of  Na  Cl  solution  was  demonstrated.  Systematic  studies  of  fatigue  life  of 
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titanium  alloys  have  been  carried  out  in  corrosive  environments.  The  effect  of  stressing  variables  and  fre 
quency  changes  on  fatigue  crack  growth,  for  aluminium  and  titanium  alloys,  have  been  established. 

The  significance  of  water  vapor  is  reflected  in  recent  results  of  fatigue  tests  in  air  of  varying  humidity. 
Corrosion  fatigue  and  stress  corrosion  cracking  have  been  studied  in  connection  with  fatigue  crack  propaga- 
tion and  frequency  effects. 

Reliability  of  critical  engine  components  is  adversely  affected  by  operational  flight  fatigue  in  a sub-zero 
temperature  environment.  Flight  speed  and  engine  torque  operational  red-lines  are  easily  exceeded  because 
of  the  greater  horse  power  capabilities  of  the  engines  in  the  denser  atmosphere. 

Analytical  prediction  tools  that  accurately  account  for  the  basic  fatigue  mechanism  can,  through  the  result 
ing  improved  realistic  design  criteria,  be  efficient  in  avoiding  structural  failure  of  engine  components 
due  to  fatigue  in  helicopter  high  speed  forward  flight. 


Transition  flight  regime  and  extreme  flight  maneuvers 


In  this  condition,  as  in  the  deceleration  maneuver  time  history  on  figure  45,  the  rotor  drag  torque 
is  varying  abruptly  during  each  revolution,  because  of: 


- sudden  airloads  overimposed  to  the  cyclic  pitch  control  of  the  rotor  thrust; 


- vibration  and  blade  flexibility  effects,  overimposed  to  stall  flutter  and  flap-lag-torsional  blade  aeroe- 
lasticity; 


- effects  on  the  engine  of  the  strongly  aeroelastic  system  corresponding  to  the  rotor-fuselage  integration. 


The  aeroelastic  instability  is  such  to  determine  considerable  power  turbine  rotational  acceleration,  eqn. 
49,  as  consequence  of  very  large  and  abrupt  rotor  torque  AQ  variation.  The  fuel  control  system  might  be 
unable  to  maintain  the  needed  rotational  speed  of  the  engine. 

More  in  general,  the  engine  rotating  parts  are  subjected  to aeroelast ic  deformations,  and  the  flow  is  under- 
going considerable  distortion  and  unsteadiness. 

The  prediction  of  engine  fatigue  life  because  of  maneuvers  in  service  is  still  based  upon  statical 
methods  or  cumulative  damage  theories,  with  inaccurate  results.  To  fulfill  the  high  requirements  of  rapid 
maneuverability  with  damage  tolerance,  it  is  necessary  to  have  available  adequate  sizing  of  the  engine  com 
ponents. 

The  fatigue  load  on  the  engine  under  service  conditions  generally  has  a more  or  less  arbitrary  or  random 
character.  However,  it  may  well  be  assumed  that  the  accumulation  of  fatigue  damage  under  such  an  arbitrary 
fatigue  load  is  a process  which  occurs  in  the  material  in  a classical  fatigue  test,  where  the  load  is  var- 
ying sinusoidally  with  a constant  mean  load  and  a constant  load  amplitude. 

The  calculated  life  will  depend  on  the  type  of  available  data,  on  corrections  made  to  these  data  by  account 
ing  for  deviating  aspects.  If  a new  design  has  a high  similarity  with  a previous  design,  it  is  clear  that 
most  valuable  information  should  come  from  the  service  record  of  the  older  design. 


As  conclusion,  it  is  easy  to  monitor  with  standardized  methodology  the  vibrational  levels  of  the  en- 
gine rotating  parts  and  the  interactions  with  stators  and  envelopes,  during  the  transitional  operation  of 
helicopters,  but  it  is  difficult  to  predict  theoretically  and  evaluate  practically  how  much  the  fatigue  life 
of  an  helicopter  engine  might  be  less  than  the  one  of  the  corresponding  static  wing  aircraft  engine.  The 
overall  situation  is  not  as  bad  it  might  seem.  Helicopter  technology  is  rapidly  progressing,  and  the  dis- 
continuity of  the  lifting  rotor  is  substantially  absorbed  by  the  very  high  engine  rpm,  and  the  service-life 
of  all  engine  components  are  increasing.  With  the  advent  of  hingeless  rotors,  the  epoch  of  the  older  heli- 
copter undergoing  fatigue  problems,  with  low  service-lives  for  the  engine  components,  has  gone.  However, 
helicopter  engines  are  still  requiring  frequent  inspections  of  damages  occurred  in  service.  Ref.  46,  and 
1,000  operating  hours  of  the  more  dynamically  loaded  components  are  to  be  taken  as  a satisfactory  lifetime 
target  for  reliability  in  flight. 

From  the  other  hand,  fixed  wing  aircraft  turbine  engine  life  has  grown  to  an  average  engine  overhaul  limit 
of  1,000  hours;  and  life  committements  on  advanced  engines  are  approaching  2,000  hours  on  components  in  hot 
gas  stream. 


The  structural  analysis  of  the  engine  design  cycle  is  the  first  phase  of  life  prediction,  regarding 
stress,  strain  and  energy,  deflection,  etc.,  provided  precise  values  of  boundary  conditions  are  available 
and  used  for  input.  Boundary  conditions  include  all  pressures,  temperatures  and  forces,  on  a critical  com- 
ponent, and  are  determined  with  instrumentation.  The  rotating  components  to  be  considered  as  critical  are 
disks,  blades  and  shafts,  with  high  levels  of  kinetic  energy. 

Data  recorded  would  include  rpm  excursion  for  take-off,  landing,  transition  regimes,  and  air-maneuvers,  to 
pick  up  in  subcycles  the  most  severe  magnitude  and  frequency  movements. 

The  second  phase  of  life  prediction  is  the  determination  of  critical  material  properties  as  combina- 
tion of  endurance  stress,  ultimate  stress,  and  fracture  toughness,  in  its  duty  cycle  throttle  settings. 
Manufacturing  processes  will  be  considered  in  the  choice  of  the  material  properties  as  they  usually  have  a 
pronounced  effect  on  the  fatigue  characteristics  of  engine  utilized  materials. 

The  third  phase  of  life  prediction  is  the  comparison  between  the  previous  results,  through  empirically 
established  and  component  correlated  "life  curves".  In  helicopter  engines  the  majority  of  loads  are 
repeating,  fluctuating  and  rapid  applied,  centered  as  damage  accumulation  from  fatigue. 

Precise  understanding  of  which  failure  are  probable  to  be  dominant  for  a given  component  is  of  paramount 
importance  in  the  life  analysis  of  all  the  engine’s  mechanical-structural  systems.  Low  cycle  thermal  fa- 
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tiguc  would  be  a major  problem  with  diluition  cooled  combustors  as  well  as  thermal  distortion,  buckling, 
oxidation,  and  burning,  in  order  to  design  and  estimate  the  life  of  a combustor  accurately.  In  its  me- 
chanical-structural system,  a turbo-engine  is  presenting  critical  points  where  are  occurring  maneuver 
loads,  aeroelastic  effects,  creep  for  burst  resonance,  stress  rupture  creep  yield,  distortions,  contain- 
ments, thermal  fatigue  and  erosion.  For  that,  in  the  determination  of  the  service  life  of  an  helicopter 
engine  component,  one  must  be  aware  that  many  failure  modes  are  so  dependent  upon  the  engine  usage,  and 
that  a new  life  analysis  must  be  accomplished  for  each  new  flight  vehicle  application.  A high  degree  of 
repeability  and  the  implementation  of  practical  methods  for  monitoring  performance  based  on  overall  condi 
tion  of  the  engine  and  associated  systems  are  needed. 

To  avoid  reliability  degradation  in  helicopter  engines  because  of  random  fatigue  effects  due  to  sud- 
den transitional  maneuvers  in  flight,  it  is  necessary  to  organize  reliability  problem  identification  and 
correction  action  programs,  Ref.  48.  However,  to  minimize  maintenance  problems  of  the  user  in  the  field, 
and  thus  obtain  maximum  utilization  of  the  engine,  a full  developmental  test  cycle  in  all  mission  load 
spectra  should  be  completed.  In  this  way,  the  helicopter  engine  will  appear  from  now  on  less  responsible 
of  crashes  in  the  flight  accident  statistics. 
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DISCUSSION 

S.S. Gupta,  Canada 

What  would  you  recommend  as  a design  load  (g  loading!  factor  for  use  in  engine  mounting  design?  What  are  typical 
loadings  actually  seen  by  civil  and  military  helicopters?  How  does  your  analysis  compare  with  measurements? 

Author's  Reply 

Since  I have  not  been  in  charge  of  the  turbo  engine  design  I am  reluctant  to  recommend  a specific  design  load  factor 
you  are  asking  in  your  first  question.  Nevertheless  I think  that  normal  aeronautical  turboengines  are  exposed  to 
accelerations  as  high  as  10  g in  maneuvers.  I believe  that  10  g would  be  the  normal  design  load  factor  for  both  civil 
and  military  helicopters.  But  considering  some  abrupt  maneuvers  pilots  may  be  forced  to  use  acceleration  could 
reach  values  ot  about  1 5 g.  My  analysis  is  a consequence  of  malfunctionings  discovered  after  helicopter  crashes.  In 
those  occasions,  I carried  out  bench  tests  of  the  fuel  control  system  and  I saw  the  phase  delay  in  fuel  feeding  during 
abrupt  power  variations. 
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SUMMARY 


The  maximum  life  potential  of  aero  engine  components  can  only  be  realised  in  service  if  it  is 
established  how  they  are  being  used  by  monitoring  engine  parameters  during  operation  in  service  aircraft 
The  analytical  methods  used  for  determining  low  cycle  fatigue  usage  are  an  important  aspect  of  the  work 
and  form  the  subject  of  this  paper.  The  influence  of  data  availability  and  computing  capability  on  the 
procedures  to  use  are  highlighted  by  comparing  the  software  appropriate  to  an  airborne  unit  monitoring 
engine  rev/min  with  that  for  a ground-based  computing  facility  analysing  recorded  flight  data. 


LIST  OF  SYMBOLS 

D 

fatigue  damage 

SUFFICES 

c 

constant 

E 

elastic  modulus 

e 

elastic 

K 

constant 

E 

refers  to  zero  based  stress  . 

L 

life  in  stress  cycles 

hi 

high 

m 

slope  of  fatigue  curve 

L 

limiting  value  of  mean  stresj 

N 

rotational  speed 

to 

low 

S 

stress 

n 

relates  to  Neuber  expression 

T 

temperature 

P 

plastic 

at 

temperature  change 

ref 

reference 

c 

strain 

u 

ultimate  tensile  strength 

y 

1,2,3,  etc 

yield  strength 

relate  to  various  constants 

1,  INTRODUCTION 

A detailed  knowledge  of  how  aero  engines  are  operated  in  service  is  an  essential  part  of  studies 
aimed  at  extending  component  lives  and  thus  reducing  life  cycle  costs.  The  development  of  airborne  data 
recording  equipment,  based  on  the  compact  cassette  system,  has  furthered  this  objective  in  the  UK  by 
enabling  engine  performance  parameters  on  selected  aircraft  to  be  recorded  in  flight  for  analysis  on 
ground  based  computing  facilities.  The  background  to  this  work  is  described  in  Reference  1,  which  also 
outlines  the  variety  of  uses  to  which  the  information  is  being  directed. 

One  of  the  most  important  objectives  so  far  has  concerned  the  establishment  of  component  life 
usage  in  military  aero  engines.  Low  cycle  fatigue  usage  on  critical  rotating  parts,  such  as  discs  and 
shafts,  and  consumption  of  creep  and  thermal  fatigue  on  hot-end  components  have  attracted  most  attention. 
These  are  high  cost  items  and  developments  in  aero  engine  technology  are  leading  to  higher  component 
stresses  and  operating  temperatures  without  any  relaxation  in  life  and  reliability  requirements,  so 
justifying  the  importance  attached  to  the  work. 

In  addition  to  work  associated  with  continuous  data  recording  equipment,  airborne  monitoring 
equipment  is  also  being  developed  which  will  determine  component  life  usage  in  flight  and  indicate  the 
life  consumed  on  a counter  display  for  reading  during  the  post-flight  inspection.  This  low  cost  equip- 
ment known  as  a low  cycle  fatigue  counter  (LCFC)  will  have  no  permanent  data  storage  facility  but  is 
nevertheless  attractive  for  wider  application  than  the  comprehensive  but  more  expensive  recording 
equipment . 

In  parallel  with  the  hardware  development,  attention  is  also  focussed  on  identifying  the  most 
accurate  methods  of  calculating  component  life  usage  from  engine  performance  data  and  it  is  this  aspect 
of  the  work  with  which  this  paper  is  concerned.  Only  methods  of  estimating  low  cycle  fatigue  usage  are 
dealt  with,  being  the  area  in  which  the  analytical  procedures  are  most  highly  developed.  The  influence 
of  the  available  engine  performance  parameters,  the  data  processing  capability  and  data  storage  facilities 
on  the  choice  of  analytical  procedures  are  highlighted.  Two  approaches  to  LCF  usage  calculation  are 
suggested  as  illustrative  examples,  one  for  a ground-based  general  purpose  data  recording  facility,  the 
other  for  the  low  cycle  fatigue  counter. 

2.  DETERMINATION  OF  LOW  CYCLE  FATIGUE  USAGE 

2.1  Background 

Aero  engine  rotating  components  are  subjected  to  cyclic  loads  arising  from  throttle  movement  or 
aircraft  manoeuvres,  a typical  variation  in  engine  rev/min  during  flight  being  shown  in  Figure  1.  On 
highly  stressed  components  this  leads  to  accumulation  of  fatigue  damage  at  stress  raising  features  eg 
the  bore  of  a rotating  disc,  which  may  lead  to  cracks  and  eventual  failure.  Components  whose  failure 
might  be  catastrophic  to  the  aircraft  structure  are  therefore  generally  limited  to  a permitted  safe  life. 
Any  extension  of  safe  life  gained  from  analysis  of  operational  usage  is  thus  a significant  factor  in 
reducing  life  cycle  costs. 

Component  safe  lives  can  be  predicted  at  the  design  stage  by  considering  the  load  variation 
anticipated  in  service  together  with  fatigue  data  appropriate  to  the  material  and  component  in  question. 

In  addition,  samples  of  components  are  usually  cyclically  rig  tested  over  constant  amplitude  load  cycles 
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to  confirm  the  design  prediction.  Thus  the  safe  life  is  determined  in  terms  of  a permitted  number  of 
load  cycles,  a cycle  generally  being  defined  from  zero  to  maximum  stress  to  zero,  often  referred  to  as  a 
major  cycle.  Safety  factors  are  included  in  the  estimation  of  safe  life  to  allow  for  scatter  in  material 
fatigue  properties,  taking  into  account  the  limited  number  of  components  which  can  be  cyclically  tested. 

This  life  has  then  to  be  expressed  in  terms  of  a number  of  sate  flying  hours  from  a knowledge  of 
how  an  engine  is  actually  being  used  in  service,  to  enable  an  operator  to  determine  when  to  remove  an 
engine  for  component  replacement.  The  complex  loading  history  has  tnus  to  be  analysed  to  determine  the 
fatigue  damage  accumulated  on  the  component  under  investigation  in  terms  of  the  number  of  major  cycles. 

If  flight  data  recordings  from  a few  selected  aircraft  are  being  analysed  on  ground  processing 
equipment,  sufficient  flights  need  to  be  recorded  to  give  a representative  fatigue  usage  for  the  aircraft 
type  over  the  range  of  missions  it  may  be  required  to  fly.  Alternatively,  if  an  airborne  monitoring  unit 
such  as  the  LCFC  is  fitted  to  all  engines  in  a fleet  it  will  monitor  fatigue  usage  on  individual  engines 
and  no  allowance  need  be  made  for  the  scatter  in  usage  between  different  engines  in  the  fleet.  In 
principle,  however,  both  systems  may  use  the  same  procedures  in  calculating  fatigue  usage  from  engine 
performance  parameters  and  this  can  be  conveniently  considered  as  involving  five  separate  steps  as 
illustrated  in  Figure  2. 

Many  methods  have  been  proposed  for  dealing  with  each  of  these  steps  but  the  complete  procedure 
for  application  to  aero  engine  component  lifing  must  take  into  account  the  constraints  of  weight  and 
volume  that  military  aircraft  impose  on  airborne  recording  and  monitoring  equipment.  The  selection  of 
which  methods  to  use  will  depend  upon  the  engine  performance  data  that  can  be  measured,  the  fatigue  data 
which  exists  for  the  component  being  monitored  and  the  computing  capability  of  the  equipment.  In  some  of 
the  following  sections,  therefore,  the  available  options  are  discussed. 

2 . 2 Load  history  in  terms  of  stress  or  strain 

Stress  or  strain  on  a rotating  component  is  dependent  upon  one  or  more  of  the  following  effects:- 

centrifugal  loads 
temperature  gradients 

pressure  difference  across  opposite  faces 
clamping  loads  on  bolted  assemblies 
torque  loading 
gyroscopic  loads 

residual  stress  arising  from  the  manufacturing  process 

Whilst  account  may  be  taken  of  these  loads  at  the  design  stage  for  worst  case  operating  conditions 
in  the  flight  envelope  by  using  sophisticated  stressing  methods,  it  is  clearly  impracticable  to  perform 
this  on  engine  performance  data  gathered  in  flight,  which  experience  on  military  aircraft  shows  may 
contain  up  to  100  changes  in  condition  per  flight.  Some  simplifying  assumptions  have  thus  to  be  made  in 
the  interests  of  keeping  the  computing  task  within  acceptable  limits.  Before  this  is  discussed  further, 
however,  it  is  worthwhile  considering  the  merits  of  whether  to  calculate  fatigue  damage  in  terms  of  the 
stress  or  the  strain  history. 

The  most  important  consideration  here  is  the  basis  on  which  the  materials  fatigue  data  have  been 
derived  ie  from  constant  stress  or  constant  strain  amplitude  cycling.  Whilst  the  merits  of  strain 
controlled  cycling  have  been  generally  recognised  as  being  more  representative  of  the  cycle  experienced 
on  rotating  components  in  aero  engines,  the  difficulty  in  the  control  of  such  tests  and  the  expensive 
laboratory  machines  and  control  equipment  involved  have  until  recently  not  favoured  their  use.  Conse- 
quently, the  wealth  of  fatigue  data  applicable  to  aero  engine  components  is  found  to  be  for  constant 
amplitude  stress  cycling.  In  addition,  data  on  the  effect  of  mean  stress  or  strain  on  fatigue  life 
(explained  in  Section  2.4)  is  almost  entirely  related  to  the  stress  cycling  situation.  Stress  is  there- 
fore the  obvious  choice  on  which  to  base  fatigue  damage  calculations  at  the  present  time. 

For  rotating  components  the  dominant  influence  on  stress  is  centrifugal  load.  Torque  and  gyro- 
scopic loads  have  very  little  effect  on  disc  stresses  and  pressure  differences  also  generally  contribute 
an  insignificant  amount.  Clamping  loads  and  residual  stresses  are  usually  constant  after  the  initial 
shakedown  cycles  and  vary  little  with  operating  conditions.  Their  contribution  may  be  accounted  for  by 
the  addition  (or  subtraction)  of  a fixed  value  to  the  centrifugal  and  temperature  gradient  effects.  An 
equation  of  the  following  type  has  been  shown  to  give  a good  description  of  disc  stresses: 

S - sc  + Ki  NJ  + Kj  AT  + Kj  4T  • T + K«  ATJ  (1) 


where  Sc 

- 

constant  stress 

N 

- 

rev/rain 

4T 

- 

temperature  change  across  the 

lifing  feature 

T 

- 

temperature  at  life  limiting 

feature 

Kt 

to 

K4  are  constants 

Leathart  and  Greig  (Ref  2)  have  shown  by  the  use  of  such  an  equation  that,  provided  full  stress 
analyses  are  performed  at  four  different  sets  of  N,  AT  and  T,  the  constants  K|  to  K*  can  be  easily 
derived  and  that  the  equation  is  applicable  to  the  range  of  N,  AT  and  T experienced  in  service. 

Two  equations  similar  to  Eq.  (1)  may  be  needed  to  describe  hoop  and  radial  stresses  respectively 
for  components  such  as  discs  which  are  subjected  to  a bi-axial  stress  field.  From  these  an  equivalent 
stress,  such  as  the  Von  Mises  stress,  can  be  calculated  for  relating  the  stress  history  with  the  fatigue 
data.  Thus  from  a measurement  of  engine  rev/min  and  ambient  temperature,  given  details  of  an  engine's 
performance  characteristics  and  the  relationship  between  gas  temperature  and  metal  temperature,  T and  AT 
on  a specific  component  can  be  calculated  and  the  stress  history  determined.  This  calculation  may  be 
quite  lengthy,  particularly  if  corrections  have  to  be  included  to  allow  for  the  lag  between  gas  temperature 
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change  and  the  subsequent  metal  temperature  change.  It  can  therefore  only  be  justified  when  component 
stresses  are  known  to  be  seriously  affected  by  temperature  gradients, 


A simplifying  assumption  is  to  consider  only  the  variation  of  stress  with  centrifugal  loads  by 
using  the  following  relationship: 


K N 


• « * i (2) 


K is  a constant  and  can  be  obtained  from  a stress  analysis  at  a reference  condition,  generally  the 
maximum  stress  seen  in  normal  operational  service,  ie 

K - ^4 


N * 
ref 


whence  S 


ref 
N 2 
ref 


....(4) 


The  calculation  of  S ^ can  of  course  include  temperature  and  other  effects  so  that  this  simple 
relationship  can  take  account  of  these  effects  on  the  assumption  that  they  too  are  proportional  to 
(rev/min) # 

Stresses  calculated  using  either  Eq.  (1)  or  Eq.  (4)  should  be  appropriate  to  the  lifing  feature  on 
the  component  being  monitored,  ie  at  the  stress  concentrating  notch  or  change  in  component  shape.  It  is 
not  unusual  in  aero  engine  discs  for  these  to  exceed  the  yield  point  of  the  material  and  be  plastically 
redistributed  into  the  surrounding  material.  Whilst  plasticity  can  be  readily  taken  into  account  using 
finite  element  methods,  the  computing  task  is  considerable  and  it  is  impracticable  to  adopt  this  approach 
for  large  numbers  of  operating  conditions.  Simplifying  assumptions,  which  involve  the  definition  of 
stress,  may  therefore  have  to  be  adopted. 

2.2.1  Nominal  stress 


With  this  approach,  only  the  nominal  stress  in  the  bulk  of  material  away  from  the  stress  concentra- 
tion is  determined.  Provided  that  the  materials  fatigue  data  have  been  obtained  from  testing  components 
with  an  identical  stress  concentration  feature  and  in  the  same  material  to  the  one  being  monitored,  then 
the  relationship  between  nominal  and  true  stress  will  be  the  same  in  each  case,  so  permitting  the  fatigue 
behaviour  to  be  correlated  on  a nominal  stress  basis. 

2.2.2  Peak  elastic  stress 


The  concept  of  the  peak  elastic  stress  assumes  that  the  concentrated  stress  continues  to  be 
directly  related  to  strain  above  the  material  yield  point,  as  illustrated  in  Figure  3,  and  may  exceed  the 
material  ultimate  tensile  strength  (UTS).  The  materials  fatigue  data  must  be  based  on  the  same  stress 
definition,  and  whilst  data  from  testing  identical  components  to  the  one  being  monitored  is  always 
preferred,  when  this  is  not  available  the  peak  elastic  stress  approach  does  enable  data  from  other 
specimens  and  components  to  be  used. 

A problem  may  arise,  however,  when  taking  account  of  the  mean  stress  in  a cycle  (explained  in 
Section  2.4)  when  either  the  UTS  or  yield  strength  is  used  to  define  the  limiting  value  of  mean  stress, 
as  a peak  elastic  stress  above  the  nominal  UTS  is  not  admissible.  One  way  of  overcoming  this  anomaly  is 
to  express  the  UTS  in  peak  elastic  terms,  that  is  by  multiplying  the  nominal  UTS  by  the  stress  concentra- 
tion factor.  Although  this  gives  a neat  arithmetical  solution  there  is  little  experimental  evidence  to 
support  its  general  application  and  the  use  of  peak  elastic  stress  must  therefore  be  used  with  caution. 

2.2.3  True  stress 

A further  approach  is  to  estimate  the  true  stress  from  the  peak  elastic  stress  by  using  the  Neuber 
relationship: 


S e 
P P 


S e 
e e 


..(5) 


Norris  (Ref  3)  has  shown  that  if  the  plastic  region  of  the  stress/strain  curve  is  described  by  the 
equation: 


Ken 

P 


then  S 


(r  ■ *) 


where  Sp  « elastic-plastic  or  true  stress 

Cp  • elastic-plastic  or  true  strain 

Se  m peak  elastic  stress 

E » elastic  modulus 

K and  n are  constants 


n 

n+i 


....(6) 


...(7) 


It  is  not  necessary,  however,  to  calculate  true  stress  using  Eq.  (7)  for  all  stresses  above  the 
yield  point  as  consideration  of  the  manner  in  which  aero  engine  rotating  components  are  load  cycled  in 
service  will  show.  The  first  major  stress  cycle  on  a highly  stressed  component  may  take  it  above  the 
yield  point  3 s shown  by  the  line  a b in  Figure  4.  Removal  of  external  loads  will  cause  the  stress  to  fall 
along  the  cyclic-elastic  line  b c such  that  a residual  compressive  stress  will  be  present  at  the  concentra- 
tion for  zero  external  load,  sustained  by  the  large  amount  of  unyielded  elastic  material  surrounding  the 


i 
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smaller  yielded  portion.  Further  load  cycles  will  move  up  and  down  line  c b always  assuming  that  the 
peak  stress  on  subsequent  cycles  never  exceeds  the  initial  one.  If  it  is  further  assumed  that  any  point 
d on  line  c b is  related  to  point  f on  the  initial  elastic  line  by  the  constant  increment  K^; 


where  K 

n 

ie  K 

n 


S 

e 


V 


at  max  load  conditions 
n 


....(8) 

....(9) 


then  in  general  S 

true 


S 


elastic 


-K 

n 


....(10) 


In  practice,  line  c b may  be  affected  by  cyclic  creep  and  gradually  drift  across  to  a position 
more  like  g h,  but  very  little  data  are  available  on  either  the  magnitude  or  the  rate  at  which  this  may 
occur  on  engine  components.  Adherence  to  line  c b,  however,  will  always  give  the  highest  estimate  of 
true  stress  and  hence  the  most  conservative  damage  calculation.  On  very  highly  stressed  components, 
compressive  yield  may  occur  when  the  component  is  unloaded  and  subsequent  load  cycles  may  follow  a 
hysteresis  loop  as  shown  in  Figure  5.  Where  this  occurs  an  approximate  mean  cyclic-elastic  straight  line 
can  be  used  as  a simplification  to  aid  the  computation,  but  very  little  data  exists  for  this  situation 
making  it  particularly  important  in  this  case  to  use  materials  data  generated  from  testing  components  as 
representative  as  possible  of  the  one  being  monitored. 


2.3  Cycle  and  identification 

The  complex  stress  history  has  now  to  be  reduced  to  a series  of  stress  cycles  which  can  be  related 
to  the  fatigue  properties  of  a material.  Watson  and  Dabell  (Ref  A)  review  a number  of  cycle  identifica- 
tion techniques  and  show  that  the  so-called  "rain  flow"  method  identifies  both  large  and  small  cycles 
whilst  not  breaking  up  the  larger  ones  into  a number  of  smaller  ones  which  contribute  less  fatigue  damage. 
A logic  diagram,  shown  in  Figure  6,  gives  the  rain  flow  analysis.  It  is  one  which  can  analyse  a whole 
flight  in  a sequential  manner,  requiring  only  the  minimum  of  data  storage  and  thereby  permitting  it  to 
be  readily  programmed  into  relatively  simple  data  analysis  equipment.  An  example  of  rain  flow  logic 
applied  to  a stress  profile  is  given  in  Figure  7 from  which  it  can  be  seen  that  the  method  takes  no 
account  of  the  rate  at  which  stress  is  applied  or  removed,  nor  does  it  allow  for  the  effect  of  remaining 
at  a constant  stress  level  between  a sequence  of  cycles.  It  is  also  assumed  that  the  interruption  of  a 
large  stress  cycle  to  complete  a number  of  smaller  stress  cycles  does  not  affect  the  damage  associated 
with  the  large  cycle.  Reference  A gives  examples  which  show  that  the  method  is  generally  conservative  in 
use  compared  with  other  techniques,  however,  and  is  therefore  the  preferred  one  for  aero  engine  applica- 
tion. It  nevertheless  seems  worthwhile  pursuing  further  investigations  of  these  effects  to  identify 
possible  improvements  to  cycle  identification  methods. 


2. A Effect  of  mean  stress 


The  fatigue  behaviour  of  a material  is  invariably  described  in  terms  of  the  life  in  zero  - high  - 
zero  constant  amplitude  cycles.  Before  these  data  can  be  used  therefore,  the  stress  cycles  so  far 
identified,  most  of  which  have  a non-zero  minimum,  have  to  be  converted  into  the  equivalent  zero  based 
cycle  which  contributes  the  same  amount  of  fatigue  damage  ie  to  allow  for  the  so  called  mean  stress 
effect  (Ref  5). 


Gerber  proposed  a parabolic  relationship  between  stress  range  and  mean  stress,  shown  in  diagram- 
matic form  in  Figure  8,  where  a line  of  constant  life  and  hence  constant  fatigue  damage  per  cycle  has  a 
limiting  mean  stress  equal  to  the  ultimate  strength  of  the  material.  Later  modifications  of  this 
relationship  by  Goodman  and  Soderberg  introduced  a linear  relationship  which,  in  the  case  of  Soderberg 
has  a limiting  mean  stress  established  by  the  yield  stress,  also  shown  in  Figure  8.  Any  point  on  a 
constant  damage  line,  with  maximum  and  minimum  stress  values  of  and  respectively,  is  related  to 
the  zero  based  cycle  (S^q  * 0)  where  the  stress  amplitude  is  twice  the  mean  stress  by  the  equation: 


....(11) 


where  S£ 


amplitude  of  zero  based  cycle 


SL  ■ limiting  value  of  mean  stress  at  zero  amplitude 


Salt  (Ref  6),  on  the  other  hand,  obtained  a family  of  constant  damage  lines  from  smooth  specimen 
data,  shown  in  Figure  9,  which  follow  the  Goodman  line  at  low  mean  stress  but  fall  off  towards  the 
Soderberg  line  at  higher  mean  stress  and  these  are  probably  more  typical  of  the  mean  stress  effect  than 
the  simple  Goodman  straight  line.  Such  data  are  seldom  available,  however,  and  in  their  absence  the  Goodman 
line  is  generally  preferred  to  the  Gerber  parabola  for  high  integrity  components  as  it  gives  the  more 
conservative  estimate  of  fatigue  damage,  with  the  Soderberg  relationship  also  finding  application  when  an 
even  more  conservative  approach  is  required.  This  is  an  area  where  considerably  more  research  is  required, 
particularly  for  materials  in  which  the  ultimate  strength  is  considerably  greater  than  the  yield  strength. 
The  effect  of  mean  stress  on  stress  cycles  which  include  both  elastic  and  elastic-plastic  effects  also 
needs  further  investigation  as  has  already  been  indicated  in  Section  2.2. 


2.5  Fatigue  damage  per  cycle 

Fatigue  life  associated  with  each  stress  cycle  can  be  obtained  from  the  materials  fatigue  curve. 

As  has  already  been  emphasized  it  is  important  to  ensure  that  the  definition  of  stress  on  the  fatigue 
curve  is  consistent  with  that  already  used  in  the  earlier  calculations.  Data  should  preferably  be 
obtained  by  testing  specimens  or  components  with  stress  concentration  features  representative  of  the 
component  in  question.  The  minimum  property  fatigue  line  should  be  used  to  allow  for  the  inherent  scatter 
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in  fatigue  properties,  usually  taken  to  be  the  line  situated  3 standard  deviations  below  the  mean. 

Fatigue  properties  are  generally  dependent  upon  material  temperature  and  this  effect  may  be 
allowed  for  by  using  normalised  stress  values  ie  stress  divided  by  ultimate  strength,  both  being 
temperature  dependent  to  approximately  the  same  extent.  Experimental  data  gathered  by  Evans  and  Tilly 
(Ref  /)  suggests  that  this  form  of  presentation  is  valid  when  no  creep-fatigue  interaction  is  present, 
which  is  generally  the  situation  found  on  gas  turbine  discs.  The  same  technique  may  also  be  used  when 
allowing  for  the  mean  stress  effect  (Section  2.4)  by  expressing  mean  and  alternating  stresses  in 
normalised  terms.  There  is  less  experimental  justification  for  such  an  approach  in  this  case,  which 
therefore  seems  to  be  an  area  worthy  of  further  investigation. 

Fatigue  data  can  be  stored  either  in  equation  form  or  as  tabulated  data  in  data  processing  equip- 
ment. For  the  airborne  application,  however,  a further  simplification  may  be  made  to  reduce  the  computa- 
tional task.  It  is  found  that  fatigue  data  plotted  on  logarithmic  axes  generally  approximate  to  a 
straight  line  which  can  therefore  be  described  by  the  simple  relationship: 

l 

l ■ n"  (12) 


L ■ life  in  cycles  corresponding  to  stress  S 
m - slope  of  fatigue  line 

K is  a constant  which  may  be  found  at  a reference  stress  condition 


hence  L 


....(13) 


....(14) 


2 . 6 Fatigue  damage  sunination 

Finally,  the  fatigue  damage  associated  with  each  separate  cycle  has  to  be  summated.  O'Neill 
(Ref  8)  has  comprehensively  reviewed  17  cumulative  damage  theories,  some  based  on  metallurgical  theories 
of  material  failure  but  mostly  related  to  experimental  results  to  which  empirical  equations  have  been 
fitted.  He  concludes  that  none  of  the  equations  shows  a clear  superiority  for  general  application  over 
the  linear  rule  proposed  by  Miner,  of  which  most  of  the  empirical  equations  are  modifications.  The  linear 
rule  states  that: 


j 
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n * number  of  cycles  corresponding  to  life  L 
i to  j are  the  range  of  cycle  stress  amplitudes 
According  to  Miner,  D = 1 when  some  failure  criterion 

is  reached 

Miner's  criterion  of  failure  was  the  just  visible  crack  condition,  which  fortunately  is  consistent 
with  that  currently  used  on  aero  engine  discs.  The  linear  law  is  consistently  critised  by  workers  in  the 
fatigue  field  as  it  has  been  shown  that  the  limiting  value  of  D is  dependent  upon  the  loading  sequence. 
Experimental  results  have  been  obtained  which  show  that  the  linear  rule  can  under  estimate  fatigue 
damage  in  some  cases  by  factors  of  2 or  3 (Ref  9).  The  value  of  D should  therefore  be  set  at  a value 
less  than  1 and  preferably  determined  from  fatigue  tests  on  representative  components  or  specimens  under 
simulated  operational  load  cycles.  The  use  of  minimum  property  fatigue  data  offers  some  protection 
against  the  conservative  answer  given  by  the  linear  rule  when  D * 1.  It  is  arguable  whether  this  is 

sufficient  protection,  however,  and  the  subject  of  fatigue  damage  summation  is  clearly  one  which  would 
benefit  from  further  investigation. 

3.  APPLICATION  OF  LCF  USAGE  PROCEDURES 

As  an  illustration  of  how  the  procedures  for  calculating  LCF  usage  may  be  influenced  by  the  comput- 
ing capability  of  the  analysis  equipment,  two  applications  at  extreme  ends  of  the  range  with  which  the 
author  has  been  involved  are  described. 

3. 1 Ground  data  processing  station 

The  ground  data  processing  station  comprises  a small  general  purpose  digital  computer,  with  32,000 
words  of  quick  access  data  storage  and  a magnetic  disc  back  up  store,  linked  to  a tape  cassette  reader. 
Engine  performance  parameters  are  recorded  on  a number  of  engine  types,  ranging  from  a single  parameter, 
rev/min,  on  one  engine  type  to  several  parameters  including  throttle  position,  rev/rain,  temperatures  and 
pressures  on  other  engines.  Provision  is  made  for  calculating  LCF  usage  on  any  one  of  the  highly  stressed 
components  on  each  monitored  engine. 

Clearly  the  requirement  here  is  for  flexible  operation  which  is  most  easily  achieved  by  maintaining 
the  five  steps  in  the  calculation  procedures  as  separate  routines  in  the  computer  software.  Each  routine 
can  contain  all  the  options  described  in  Section  2 as  subroutines,  so  that  the  user  can  select  the  sequence 
appropriate  to  a particular  application. 


I I (. 


The  following  is  typical  o!  tin’  senueiuo  which  might  he  chosen  lor  t tie  tinal  stage  compressor  disc 
on  s two  shall  engine  known  to  be  sensitive  to  temperature  when  the  monitored  engine  paiameteis  include 
rev/min  from  both  stiatts  and  intake  temperature. 

Step  1 Calculate  stresses  (rom 

S * S . ♦ K|  N1  ♦ Kj  AT  ♦ Kj  AT  • T ♦ K.  AT*  . . . . (1 ) 

wIipm’  AT  and  T arc  estimated  i root  steady  slate  engine  performance  relat  ionships 
Step  2 Identify  S^ . and  using  rain!  low  logic 

Step  3 Calculate  the  stress  amplitude  and  moan  stress  from  S.  . and  S and  determine  S 

from  tabulated  data  deacribing  the  mean  stress  el  fact  U ° 

Step  4 Determine  L corresponding  to  S^.  from  tabulated  fatigue  data 

Step  S Summate  fatigue  damage  using  linear  relationship 
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3 . 2 Low  cycle  fatigue  counte r 

The  LCKC  is  an  item  of  avionic  equipment  which  is  specified  to  have  minimum  tiist  cost,  low 
volume  and  weight,  and  high  reliability.  To  meet  these  objectives  only  the  minimum  ot  electronic  hard- 
ware can  be  employed.  The  counter  monitor*  only  engine  rev/min  and  display*  accumulated  fatigue  damage 
on  a limited  number  of  channel*  for  reading  on  the  post -I  light  inspection.  A lt»  bit  microprocessor  is 
used  with  program  stored  in  read-only  memory,  having  a very  limited  random  access  memory  lor  inteimediate 
calculations  and  no  facility  lor  permanent  data  storage.  The  equipment,  although  used  for  dillerent 
engine  types,  muat  have  the  maximum  degree  ot  coramoual i t y so  as  to  reduce  manut actur ing  costs. 


The  t legibility  of  a ground-based  data  processing  station  is  obviously  not  applicable  here  and 
the  synthesis  ol  the  five  separate  steps  into  a single  expression  of  damage  in  terms  ol  monitored  engine 
rev/min  appears  attractive.  This  can  be  achieved  as  follows  by  using  the  simplest  option  at  each  step. 


St  ep  1 
Step  2 


St  ep  4 


Assume  S * N* 

Use  rainflow  logic  to  identify  S.  . and  S (which  will  correspond  to  N . and  N ) 
and  from  Kqs.  (4)  and  (10)  ,U  ° ,U  ° 


hi 
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Slap  3 As  sum.  a linear  relat  ionahip  between  stress  range  and  mean  stress 


Kxptess  fatigue  data  according  to  Kij.  (14)  uaing  true  atreaa  delinitlon 
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stumoate  fatigue  damage  using  linear  relationship 
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i ...  (g.  (16),  (17),  (II),  (18)  and  (IS)  into  a single  expression  gives 
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Kq.  (16)  contains  only  the  variables  and  N<0  determined  by  mint  low  logic  from  N,  with  the 
const ant*  k^,  sref  Vf  sL  being  appropriate  to  t be  component  being  monitored.  Only  these  constants 
thereto* e need  to  be  changed  when  the  equipment  is  being  used  tor  a variety  ot  engine  types,  being  held 
in  a lead  only  memory  integrated  circuit  component.  It  nominal  or  peak  elastic  stress  is  used  throughout 

instead  ot  true  stress  K.q.  (1)  is  the  same  except  that  k • 0, 

1 n 

4.  DISCUSSION 

estimation  ot  l.t’K  usage  on  operational  aero  engine  components  has  been  shown  to  require  a numhei 

ot  simplifying  assumptions.  Some  of  these  are  the  result  .t  the  limited  understanding  ot  the  behaviour 

ot  material  at  highly  stressed  legions  on  components  subjected  to  random  loading.  Areas  part i cular 1 y 

requiring  further  experimental  work  concern  the  int luence  ot  mean  stress  on  tatigue  behaviour  and  the 

summation  ot  fatigue  damage  from  the  complex  load  cycle. 

The  use  of  strain  rather  than  stress  in  life  calculations  also  deserves  further  examination  as 
this  is  the  basis  upon  whieh  laboratory  fatigue  data  on  a variety  ot  specimen  types  and  components  is 
likely  to  be  correlated,  particularly  with  regard  to  the  material  behaviour  in  the  plastic  strain  region. 
Strain  is  also  a parameter  which  allows  creep  and  material  cyclic  plasticity  to  be  more  readily  taken  into 
account.  These  are  effects  to  which  future  disc  materials  in  advanced  aero  engines  may  be  increasingly 
sus cep t ible . 

The  fact  that  a single  preferred  procedure  tor  calculating  l.t'K  usage  cannot  he  recommended  is 
symptomatic  ot  the  constraints  with  which  the  aerospace  engineer  is  often  tacod.  The  weight  and  space 
limitations  on  instrumented  military  ai retail  tor  objectives  which  are  not  essential  to  mission 
performance  inevitably  demand  a compromise  on  the  number  ot  parameters  that  can  he  recorded  and  on  the 
complexity  of  the  airborne  equipment.  A solution  being  considered  in  the  UK  is  to  tit  comprehensive 
data  recording  equipment  to  a tew  selected  aircratt  ot  one  type,  with  the  simple!  low  cost  monitoring 
equipment  being  more  universal Iv  applied.  Any  discrepancies  between  dilterenl  procedures  used  in  the 
two  equipments  can  he  identified  by  ground  analysis  oi  flight  data  recordings  and  a factor  used  to 
correct  the  output  ol  the  simpler  unit  it  required.  Preliminary  woi k bv  the  ai  thor  has  shown  that  this 
(actor  depends  upon  the  materials  tatig-ie  data,  the  peak  stress  in  the  monitored  component  and  its 
sensitivity  to  temperatuie  and  most  importantly  the  operational  load  cycles.  Ovci  a numhei  ot  typical 
flights  the  average  correction  factor  to  he  applied  to  the  l.i'Ki'  output  can  be  readily  established. 

Although  this  papei  has  dealt  primarily  with  l.t'K  usage  on  military  aero  engines  the  concepts  are 
also  applicable  to  civil  engines,  particularly  foi  business  jets  or  small  aircratt  (loots  whose  oporatois 
may  not  have  the  sophisticated  monitoring  systems  used  by  the  large  airlines.  The  l.l'Kt'  in  part  iculai 
could  find  a ready  market  in  this  area, 

V CONT.l.US  IONS 

1.  Monitoring  ot  l.t'K  usage  in  operational  military  aircratt  is  an  essential  aid  to  maximising 

the  lite  ol  highly  stressed  rotating  component  a to  the  benefit  ot  life  cycle  costs, 

i*  Procedures  used  tor  estimating  l.t'K  usage  depend  upon  the  materials  data  available  and  the 

computing  capability  of  the  equipment  used  to  reduce  engine  performance  parameters  into  cstimu.cd  tatigue 
damage.  Simplifying  assumptions  can  he  used  to  reduce  the  whole  procedure  to  a single  equation  tot 
application  in  a low  cycle  fatigue  counter, 

1.  The  need  tor  turthei  experimental  investigation  ot  materials  fatigue  behaviour,  part iculai l\ 

under  random  loading  at  stress  levels  above  the  yield  point,  is  indicated. 
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stackhi  is  a stack  of  maximum  values,  stacklo  is  a stack  of  minimum 
values.  Both  stacks  have  latest  value  at  location (1),  pushing  a stack 
moves  the  values  in  each  location  down  one  place,  pulling  a stack  moves 
them  all  up  one  place. 


Fig  6 Rainflow  Logic 
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Mean  stress 

Fig  8 Empirical  Relationships  for  Mean  Stress 
Effect  on  Failure 
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DISCUSSION 


K.L. Mcknight,  US 

Do  you  have  a strategy  in  your  package  for  handling  variable  temperature  effects  and  multiaxial  stress/strain'.’ 

Author's  Reply 

Temperature  effects  certainly  can  be  accommodated  on  the  ground  data  processing  facility  and  in  l unation  ( I ) of 
my  paper  I show  total  stress  proportional  to  residual  stress  in  the  component,  a term  proportional  to  RI’M  squared; 
and  three  additional  terms  which  are  a function  of  the  temperature  gradient  across  the  stress  concentration  and  the 
temperature  at  that  point.  These  temperatures  may  be  deduced  from  the  performance  parameters  on  the  monitored 
engine,  which  implies  that  not  only  RPM  must  be  recorded  but  also  intake  temperature  and  pressure  and  possibly 
fuel  flow  or  throttle  position.  The  effects  of  temperature  are  taken  into  account  in  the  airborne  unit  by  incorpo- 
rating them  in  the  reference  stress  condition  of  Equation  (3). 


R.L. Mcknight,  US 

What  about  the  fatigue  data  that  you  correlated  against?  Do  you  end  up  using  maximum  temperature  fatigue  data 
curve? 

Author’s  Reply 

In  taking  into  account  the  variation  of  fatigue  properties  with  temperture,  I suggest  that  the  stress  be  non- 
dimensionalued  as  stress  divided  by  ultimate  strength  of  the  material,  assuming  that  both  the  fatigue  properties  and 
the  ultimate  strength  vary  in  the  same  proportion  with  temperature.  This  is  only  an  approximation  to  the  real  situa- 
tion. 


A. J. Atkinson.  US 

It  strikes  me  that  an  engine  is  a very  complicated  structure  and  it  would  seem  to  be  much  more  practical  to  record 
the  operating  parameters  and  be  able  to  do  the  calculations  on  the  ground  for  any  one  of  a number  of  parts  whose 
life  you  may  be  concerned  about  as  opposed  to  doing  a simplified  calculation  in  the  air  and  having  only  a few 
recorded  damage  cycles.  Would  you  like  to  comment  on  this? 

Author's  Reply 

Any  aero  engine  component,  as  you  know,  will  contain  up  to  ?0  or  more  disks  and  shafts,  and  in  each  of  those 
components  there  may  be  up  to  two  or  three  life-limiting  features.  So.  typically,  in  any  aero  engine  there  can  be 
60  features  that  ought  to  be  monitored.  To  monitor  life  usage  in  a large  fleet  of  engines  thus  becomes  a significant 
logistics  task  and  many  people  would  prefer  to  reduce  the  flight  data  to  just  a few  numbers  which  can  be  read  by 
ground  crew  on  the  post-flight  inspection,  as  proposed  for  the  LCT  counter.  Now,  inevitably,  this  means  a loss  in 
accuracy  compared  to  the  full  comprehensive  analysis  on  the  ground,  but  I believe  these  inaccuracies  can  be  identi- 
fied and,  provided  one  or  two  aircraft  types  in  a fleet  have  the  full  recording  capability  and  a limited  full  analysis 
takes  place  alongside  the  airborne  recording  equipment,  then  correction  factors  can  be  determined  and  applied  to 
the  low  cycle  fatigue  counter.  So  it's  a question  of  balancing  cost,  complexity  and  logistics  and  in  my  opinion  this 
goes  against  a full  comprehensive  analyses  on  all  engines  of  any  particular  fleet. 


A.J. Atkinson,  US 

Are  there  any  experimental  data  which  verify  the  relationships  presented  with  actual  engine  component  life  or  crack 
initiation/propagation/failure? 

Author’s  Reply 

I have  discussed  the  five  steps  involved  in  the  estimation  of  fatigue  usage  from  measured  engine  performance  para- 
meters. The  published  literature  in  the  fatigue  field  contains  much  experimental  data  to  substantiate  individual 
steps  in  the  procedure,  mainly  based  on  specimen  testing  in  fatigue  rigs.  There  is  less  experimental  evidence, 
however,  to  substantiate  the  application  of  the  whole  procedure  to  aero  engine  component  fatigue  usage  in  opera- 
tional service.  This  evidence  is  extremely  difficult  to  collect  as  the  safe-life  philosophy  adopted  for  limiting  the  lives 
of  rotating  components  means  that  they  are  removed  before  cracks  develop.  There  is  no  way  of  know  ing  how  much 
life  potential  remains  in  such  components  removed  from  service. 


A.J. Atkinson,  US 

Can  life  be  predicted  so  much  more  accurately  that  the  cost  savings  derived  in  the  ability  to  use  parts  longer 
outweigh  the  associated  data  acquisition  and  analysis  costs? 

Author's  Reply 

The  cost  benefits  of  engine  usage  monitoring  are  most  apparent  in  military  aircraft  where  it  has  been  established  that 
a wide  scatter  in  fatigue  usage  exists  for  aircraft  flying  a range  of  missions.  The  LCT  counter  is  particularly 
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applicable  in  this  situation.  Life-cycle  cost  studies  in  the  UK  indicate  that  the  procurement  cost  of  the  LCF  counter 
can  be  recovered  within  one  year’s  operation  on  one  front  line  aircraft  investigated. 


E.E. Covert.  US 

( I ) Which  is  best:  air  load  calculation  for  a few  points  or  record  all  data? 

(?)  Are  data  fed  back  to  designer? 

(5)  Is  fracture  mechanics  applicable? 

Author's  Reply 

An  option  which  should  satisfy  most  requirements  is  to  adopt  dedicated  airborne  monitoring  systems  without  data 
storage  facilities  lor  all  aircraft  in  a fleet,  together  with  comprehensive  monitoring  equipment  on  a few  aircraft  in 
that  fleet.  The  latter  can  provide  the  data  base  from  which  the  output  of  the  former  can  be  interpreted.  The  data 
bank  is  also  valuable  in  support  of  the  many  other  objectives  of  usage  monitoring  outlined  in  Reference  I . 

1 he  engine  designer  needs  to  play  an  integral  part  in  the  whole  monitoring  programme,  thus  ensuring  the  feed  back 
of  data  into  product  improvement  programmes  for  current  and  future  aero  engines. 

I he  fracture  mechanics  approach  to  life  prediction  is  becoming  increasingly  important  and  needs  to  be  taken  into 
account  as  engine  usage  analysis  develops.  There  are  no  fundamental  obstacles  to  achieving  this  objective;  and  I 
see  no  published  work  which  suggests  that  there  is  a better  and  more  consistently  accurate  method  than  the  linear 
law  proposed  by  Miner. 


A. Alexander.  US 

As  a point  ol  information,  there  is  a paper  by  Bagdorf  and  Kross  in  which  they  have  looked  at  a statistical  approach 
to  the  amount  of  fracture  microcracks  in  a material  versus  the  nominal  strains  in  ihree  dimensions  and  they  do  have 
a semi-empirical  approach,  but  it’s  slightly  more  accurate  than  the  Miner  approach. 

Author’s  Reply 

I am  always  sceptical  about  plans  for  better  accuracy  because  in  aero  engines  we  have  to  cope  with  a wide  range  of 
materials  and  loading  situations.  Have  they  demonstrated  that  it  is  better  Tor  steel,  nickel  alloys,  titanium,  powder 
materials,  tor  high  and  low  temperatures,  for  complex  loading,  or  stress  concentration  with  a whole  range  of  KT? 

1 have  my  doubts  that  any  method  will  be  universally  applicable,  but  certainly  papers  such  as  the  one  you  mentioned 
ought  to  be  read  so  that  the  general  data  bank  can  be  improved  on  this  subject. 


C.C.Chamis,  US 

Since  we  seem  to  be  on  the  subject  of  philosphy,  it  seems  to  me  that  what  you  describe  would  be  a data  acquisition 
of  flight  input  variables  for  analysis. 

I think  that  linear  degradation  rule  and  fatigue  test  data  from  uniaxial  data  are  a first  approximate  step  for  life 
prediction  of  engine  parts  subjected  to  complex  loads  which  result  in  triaxial  stress  fields.  Now,  to  take  a uniaxial 
test  specimen  to  generate  smooth  fatigue  data  and  try  to  make  any  good  assessment  of  how  material  behaves  under 
spectra  fatigue,  which  the  data  here  indicated,  we  can  smooth  out  the  zero  stress  base  which  in  itself  is  not  very 
realistic.  It  would  seem  to  me  that  this  definitely  requires  additional  discussion.  Further  yet  we  have  triaxial 
stress  state  and  those  data  available  to  show  that  the  material  does  not  behave  the  same  on  the  triaxial  stress  state 
as  it  does  on  the  uniaxial  small  fatigue  specimen. 

Here  I am  trying  to  make  the  following  point:  It  would  seem  to  me  that  if  you  have  equipment  and  data  acquisition 
system  as  you  propose  here,  and  if  you  can  go  one  step  beyond  what  you  have  suggested,  suppose  you  could  put  a 
strain  gauge  somewhere  on  what  is  estimated  to  be  a high  stress  point  and  you  record  as  a function  of  time  during 
flight  exactly  what  the  stress  or  strain  is  at  that  point.  Now  pass  that  information  on  to  someone  else  who  can  try 
to  interpret  how  this  information  can  be  used  and  integrate  it  back  into  the  design.  We  have  indicated  here  that  the 
linear  fatigue  rule  called  by  Miner  s or  whatever  else  may  be  applicable  is  conservative  design.  I will  go  one  step 
further:  we  want  to  know  how  much  life  we  have  remaining  on  our  part.  We  cannot  discard  material  as  often  as  we 
did  in  the  past  or  as  thoughtlessly.  So  it  seems  to  me  that  all  these  points  somehow  should  be  considered.  If  you 
found  out  that,  in  your  case,  in  the  absence  of  anything  better,  the  linear  fatigue  rale  is  well  and  good,  put  it  in  that 
context.  On  the  other  hand,  to  say  that  a uniaxial  fatigue  specimen  will  solve  all  the  problems  on  a complex  triaxial 
state  as  it  may  exist  in  the  root  of  a notch,  would  seem  to  me  highly  speculative. 

The  two  engine  performance  parameters  monitored  in  service,  though  a good  start,  are  not  sufficient  to  determine 
even  approximately  material  or  component  structural  response  at  some  local  point. 


Author’s  Reply 

It  is  obviously  desirable  to  be  able  to  monitor  the  stress  on  a component  directly  rather  than  estimate  it  from  a 
performance  parameter.  A strain  gauge  would  give  such  an  output  but  the  reliability  of  such  devices  for  in-service 
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engines  is  at  the  moment  inadequate.  As  I see  it,  measurement  technology  has  not  yet  produced  any  other  way  of 
obtaining  stresses  on  components  in  operational  aero  engines  other  than  estimating  them  from  performance  para- 
meters. However,  there  is  a lot  to  be  said  in  defense  of  performance  parameters  because  RPM  is  the  dominant 
operational  parameter  that  affects  stress,  and  you  can  measure  RPM  very  easily  and  accurately.  Temperature 
gradients  are  also  important  and  may  be  estimated  from  RPM  and  other  performance  parameters. 

C.C.Chamis,  US 

1 agree  in  taking  the  RPM  as  being  the  dominant  point.  But  the  thing  here  that  causes  fatigue,  low-cycle  fatigue, 
which  also  is  superimposed  on  high-cycle  fatigue  in  the  actual  part  which  comes  to  be  vibrations,  is  a function  of  the 
two  variables  you  are  measuring.  Here  the  other  direct  method  would  offer  an  advantage. 

Author’s  Reply 

Yes,  I agree  that  the  high-cycle  fatigue  superimposed  on  the  low-cycle  fatigue  behavior  is  very  important  and  this  is 
something  we  must  take  a very  close  look  at.  However,  a transducer  and  signal  conditioning  equipment  suitable  for 
looking  at  steady  variations  in  stresses  is  probably  not  suitable  for  looking  at  vibrationary  stresses.  No  operator  likes 
to  carry  around  more  transducers,  analysis,  and  recording  equipment  than  is  absolutely  necessary  for  the  mission. 
Particularly,  in  a fighting  vehicle  the  mission  is  most  likely  to  be  successfully  completed  on  an  aircraft  with  the 
minimum  of  non-essential  equipment.  We  must  be  careful  therefore  lest  we  start  putting  too  much  monitoring 
equipment  on  operational  aero  engines. 

Now  I’d  just  like  to  take  up  your  other  point  about  the  use  of  uniaxial  specimen  data  in  support  of  LCF  usage 
monitoring.  I hope  that  I didn’t  suggest  that  uniaxial  data  must  be  used,  as  uniaxial  data  is  only  used  when  there 
is  no  other  data  available.  I support  the  use  of  specimens  which  most  closely  resemble  the  component  in  question 
being  monitored.  Only  when  that  data  isn’t  available  and  the  best  that  is  available  has  to  be  used,  would  I fall 
back  on  uniaxial  smooth  specimen  data. 
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SUMMARY 

Rapid  advances  have  been  made  in  recent  years  in  elastic  three  dimensional  structural  modeling.  The  finite  element  method  has 
proved  an  effective  means  for  tracking  load  transfer  through  complex  structures.  The  more  recently  developed  boundary-integral 
equation  (BIE)  method  is  particularly  effective  for  the  resolution  of  high  stress  gradients  and  is  therefore  particularly  suitable  for 
the  analysis  of  parts  containing  stress  risers.  Incorporation  of  the  three  dimensional  BIE  method  as  a design  tool  requires  its  calibra- 
tion for  geometries  representative  of  those  of  engineering  interest.  This  paper  describes  the  stress  analysis  of  a turbine  disk  rim  slot 
using  the  BIE  method  and  presents  comparisons  of  the  numerical  results  with  data  from  a model  test  program. 


INTRODUCTION 

A necessary  part  of  the  design  and  analysis  cycle  in  the  manufacture  of  gas  turbine  engines  is  the  ability  to  evaluate  the  stress 
state  in  an  engine  component,  both  for  general  design  purposes  and  to  provide  input  for  the  life  prediction  process.  The  increased 
geometrical,  material  and  loading  complexity  of  advanced  engine  designs  requires  the  use  of  three  dimensional  numerical  stress  analysis 
in  order  to  avoid  the  long  lead  times  and  high  costs  associated  with  complete  reliance  on  component  or  model  testing  as  well  as  the 
oversimplifications  sometimes  required  for  the  use  of  two  dimensional  analysis. 

The  finite  element  method  provides  an  excellent  and  readily  accessible  method  for  the  study  of  general  load  transfer  through 
complex  structures.  It  is  not,  however,  particularly  well  suited  for  the  resolution  of  high  stress  gradients.  In  the  design  of  turbine  en- 
gines it  is  often  high  gradient  regions  near  structural  details  such  as  notches  and  fillets  which  prove  to  be  life  limiting.  It  is  therefore 
necessary  to  develop  and  calibrate  three  dimensional  stress  analysis  methods  suitable  for  use  in  these  regions. 

In  recent  years  the  boundary-integral  equation  (BIE)  method  has  been  shown  to  be  especially  well  suited  for  problems  requiring 
the  resolution  of  high  stress  gradients  (References  1 , 2).  The  numerical  implementation  of  the  method  now  allows  relatively  straight- 
forward modeling  of  complex  structural  details  and  permits  solution  of  meaningful  problems  with  a reasonable  investment  of  both 
engineering  and  computer  time. 

This  paper  discusses  the  mathematical  basis  and  numerical  implementation  of  the  BIE  method,  compares  it  with  the  finite  ele- 
ment method  for  a relatively  simple  problem  and  then  describes  a combined  analytical  and  experimental  program  to  calibrate  the  BIE 
method  for  a complex  geometry  of  interest  in  gas  turbine  engine  applications. 


THE  BOUNDARY-INTEGRAL  EQUATION  METHOD 
Derivation  of  the  Boundary-Integral  Equation 

The  BIE  method  is  based  on  classical  analytical  results  in  elasticity  and  potential  theory.  It  depends  on  the  reciprocal  work 
theorem  and  on  the  existence  of  an  infinite  body  point  load  solution  to  the  equilibrium  equations.  The  development  is  described 
briefly  below  for  the  three  dimensional  case.  A much  more  detailed  development  in  both  two  and  three  dimensions  may  be  found 
in  Reference  3,  which  also  contains  an  extensive  bibliography. 

Let  V be  an  elastic  body  (possibly  multiply  connected)  with  surface  S.  If  tj,  uj  and  tj,  uj  represent  two  sets  of  surface  tractions 
and  displacements  for  which  the  body  is  in  equilibrium  thei..  b>  Betti’s  reciprocal  work  theorem, 


f t[  Uj  dS 
S 


u-  dS 
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For  any  infinite  homogeneous  elastic  body  there  is  a point  load  solution  Uy(p,  q)  to  the  equilibrium  equations  (References  4 and 
5).  Uy(p,q)  is  the  displacement  in  the  xj  direction  at  the  field  point  q due  to  a unit  load  in  the  xj  direction  at  the  source  point  p. 
Closed  form  expressions  for  this  point  load  solution  exist  for  isotropic  materials  (the  Kelvin  solution)  and  for  transversely  isotropic 
materials  (Reference  6).  It  has  also  been  recently  shown  that  efficient  numerical  calculation  of  the  Ujj  can  be  carried  out  for  general 
anisotropic  materials  (Reference  7).  Differentiation  of  Uy  and  use  of  Hooke's  law  allow  the  calculation  of  a corresponding  point 
load  function  for  stresses.  By  identifying  the  primed  quantities  in  Eq.  1 with  the  point  load  solution,  applying  Eq.  1 to  the  region 
V with  a small  sphere  centered  at  the  point  p deleted  and  taking  appropriate  limits  the  Somigliana  identity  for  the  interior  displace- 
ments is  obtained, 
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uj(p)  = J li(Q)Uji(p,Q)dS  - /uKOW 
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(2) 


where  0 denotes  a point  on  S and  Tjj  is  derived  from  the  point  load  solution. 


A further  limit  operation,  in  which  the  interior  source  point  p is  allowed  to  approach  a boundary  point,  P,  leads  to  the 
boundary -integral  equation 


uj(P)/2  = / tj(0)Uji(P,QWS 

S 


J ui<Q>Tjj<P,y)dS 
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relating  the  boundary  displacements  and  tractions  without  explicit  reference  to  the  interior  of  the  body.  The  BIE  (Eq.  3)  cannot 
be  solved  in  closed  form  except  for  a few  very  simple  geometries  and  would  have  little  practical  significance  without  modern  com- 
puting  capabilities. 

Numerical  Solution  of  the  Boundary -Integral  Equation 

The  numerical  solution  of  Eq.  3 involves  two  types  of  approximation.  First,  the  surface  of  the  real  part  is  modeled  as  an 
assembly  of  surface  patches  of  some  specified  form.  Second,  some  relatively  simple  functional  variation  of  displacement  and 
traction  is  assumed  on  each  surface  patch.  These  two  assumptions  allow  the  integrals  occurring  in  Eq.  3 to  be  evaluated,  leading 
to  a system  of  linear  algebraic  equations  in  the  unknown  boundary  data. 

Two  different  approaches  have  been  used  for  the  solution  of  the  three  dimensional  problem. 

1.  The  surface,  S,  is  modeled  using  plane  triangular  elements  and  boundary  data  are  assumed  to  vary  linearly  over  each  element. 

This  allows  the  exact  calculation  of  the  integrals  in  Eq.  3 but  requires  a large  number  of  elements  to  model  complex  geometries. 
This  approach  is  discussed  in  Reference  I . 

2.  Both  the  geometry  and  boundary  data  variation  over  a surface  patch  are  modeled  using  shape  functions,  such  as  the  quadratic 
isoparametric  shape  tunctions  shown  in  Figure  1 . Complex  geometry  and  boundary  data  variations  can  be  modeled  using  fewer 
elements  but  the  integrations  must  be  carried  out  numerically  (References  8,  9,  and  10). 

In  either  case  Eq.  3 is  evaluated  with  the  source  point  P placed  successively  at  each  of  the  nodal  locations  defining  the  boundary 
data  variation.  Each  evaluation  leads  to  linear  algebraic  equations  which  generally  involve,  because  of  the  surface  integrals,  all  of  the 
unknown  boundary  data.  The  resulting  linear  system  is  full,  rather  than  having  the  banded  structure  associated  with  the  finite  element 
method.  After  the  boundary  solution  has  been  found,  a numerical  implementation  of  Eq.  2 allows  calculation  of  displacement  and.  by 
appropriate  differentiation,  stress,  at  interior  points. 


Two  different  three  dimensional  BIE  codes  were  used  in  the  work  discussed  in  this  paper.  The  B1NTEQ  code  (Reference  1) 
utilizes  plane  triangular  elements  with  exact  integration.  The  more  recently  available  BASQUE  code.  Reference  8,  models  geometry 
using  quadratic  isoparametric  shape  functions  and  provides  a choice  of  linear,  quadratic  or  cubic  boundary  data  approximation. 

The  BASQUE  program  was  originally  developed  at  the  Centre  Technique  des  Industries  Mecaniques,  Senlis,  France. 

Comparison  with  3D  Finite  Element  Analysis 

This  section  discusses  the  BIE  analysis  of  a low  cycle  fatigue  specimen.  The  presence  of  curved  surfaces,  a stress  concentra- 
tion and  three  dimensional  effects  make  the  problem  representative  of  those  encountered  in  design  analysis,  while  the  relatively 
simple  geometry  allows  direct  comparison  of  accuracy  and  efficiency  with  the  finite  element  method. 

A cross  section  of  the  specimen  is  shown  in  Figure  2.  The  specimen  is  pin  loaded  at  A and  B.  The  solid  line  shows  the  sim- 
plified shape  used  for  both  the  BASQUE  and  NASTRAN  analyses.  A very  refined  BASQUE  analysis  was  first  run  to  provide  three 
dimensional  baseline  results.  Less  refined  BASQUE  maps  were  then  used,  in  order  to  determine  the  minimum  cost  analysis  yielding 
satisfactory  results. 

The  map  used  for  the  BIE  analysis  is  shown  in  Figure  3.  The  same  idealization  was  used  on  the  free  surface  and  in  the  specimen 
midplane.  One  element  was  used  through  the  thickness  except  in  the  immediate  neighborhood  of  the  notch.  This  map  consisted  of 
28  elements  and  84  nodes,  requiring  a run  time  of  65  epu  sec.  The  peak  hoop  stresses  (tensile  and  compressive)  and  the  peak  trans- 
verse stress  were  accurate  to  better  than  2 percent  compared  to  the  baseline  results.  The  results  of  this  analysis  are  shown  in  more- 
detail  in  Figures  4,  S and  6. 

A NASTRAN  analysis  of  the  specimen  was  then  carried  out  using  the  breakup  shown  in  Figure  7.  Two  elements  were  used 
through  the  thickness  for  the  entire  map.  since  NASTRAN  does  not  currently  have  a 15-node  isoparametric  element  for  mesh 
transition.  The  NASTRAN  map  was  designed  to  match  the  BASQUE  surface  map  as  nearly  as  possible  while  avoiding  extreme  ele- 
ment shapes.  The  NASTRAN  map  had  16  HEX20  elements  and  141  nodes;  the  analysis  required  48  epu  sec.  The  results,  while  in 
good  qualitative  agreement  with  the  baseline  results,  were  significantly  less  accurate  than  the  BASQUE  results.  The  maximum  hoop 
stress  in  the  notch  was  1 1 percent  low,  the  maximum  compressive  stress  17  percent  high,  and  the  peak  transverse  stress  10  percent 
low.  The  results  of  the  NASTRAN  analysis  are  also  shown  in  Figures  4,  5 and  6. 
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A second  NASTRAN  analysis  was  done  using  the  same  map  in  the  cross  section,  but  with  four  elements  through  the  thickness, 
his  analysis  (3-  elements,  245  nodes)  required  85  cpu  sec.  The  peak  stress  results  did  not  improve  over  those  cited  above  although 
n . . th'  spec,men  'hickness  was  somewhat  smoother  It  is  clear  that  to  achieve  the  same  level  of  accuracy  as  the 

ASQUE  analysis  would  require  refinement  of  the  NASTRAN  map  in  the  specimen  cross  section.  Based  on  the  present  NASTRAN 
analyses  and  on  plane  strain  Unite  element  analyses  of  the  specimen,  the  minimum  NASTRAN  mesh  required  would  have  at  least  three 
elements  through  the  thickness  and  at  least  a 4-by-6  mesh  in  the  cross  section.  The  analysis  would  require  approximately  225  cpu  sec 

(72  elements,  477  nodes),  almost  3.5  times  as  long  as  the  BASQUE  analysis 


BIE  ANALYSIS  OF  A TURBINE  DISK  RIM  SLOT 

Turbine  disk  rim  slots,  which  retain  the  blades  in  a gas  turbine  engine  rotor  assembly,  produce  strain  concentrations  in  the  disk 

machined  mroTh. *?,  i°  "**  °h  ^ *'*>?"!  'he  a'Uched  bladcs  To  supPly  coolln*  10  the  turbine  blades,  cooling  holes  are 
,h'  d,sk  nm'  a"d  ex,t  ,n  ‘he  dlsk  rim  51015  Determination  of  the  stress  field  at  the  intersection  of  the  disk  nm  slot 
with  the  cooling  hole  is  essential  to  predict  turbine  disk  low  cycle  fatigue  life  and  to  optimize  cooling  hole  and  rim  slot  geometries. 

Testing,  either  of  models  or  actual  components,  is  expensive  and  can  involve  very  long  lead  times.  In  addition  it  yields  informa 
tion  whose  validity  is  restricted  to  the  particular  geometry  tested.  It  is  thus  necessary  to  use  numerical  stress  analysis  methods  While 
appropriately  chosen  two  dimensional  analyses  are  suitable  in  many  situations,  the  rim  slot/cooiing  hole  intersection  problem  is  repre- 
re"hn  m °f  a CldSS,  °f  pr°b,!ems  ln  Wh,Ch  ,hree  d,mensional  effect*  are  important.  As  discussed  above,  three  dimensional  finite  element 
for  finite  SSSSt?* SEtST"  ”•*“"»  *«~V  <B>»  »> 

The  BIF  method  is  an  attractive  alternative  to  the  finite  element  method,  but  before  it  can  be  used  as  a part  of  the  design 
caUbra'te' Xwf  J^rh!  ^ Cal,bra,edfor  a problcm  representative  of  those  solved  in  the  actual  design  process,  ln  order  to  stably 
i rVf  8 Lh<Hi  ’;on'bu',ed  ,esl  and  ana|ytical  program  was  carried  out.  The  program  involved  the  comparison  of  strain 
gage  da  a from  a scale  model  of  a disk  nm  with  analytical  results  obtained  using  the  B1NTEQ  BIE  code.  The  results  demonstrate 

BlV:t*  lU:ydTheefr,T,Cy  °f  ^ “I'  m^h<Hl  ,,US  ^ °f  Pr°blemS  ^ following  sections  discuss  de  test  progr^  L 
to  th“  problem  corTela,,on  of  re5ults  Th*  r'nal  section  discusses  the  apphcation  of  the  more  recently  available  BASQUE  code 

Disk  Rim  Model  Test  Program 

. ' ,gU”-'  8 shows  a schematic  of  the  type  of  disk  rim  geometry  used  in  this  program.  The  cooling  holes  run  radially  from  the 
act.  ^ \°  he,Tr  Sl"“  de,a,led  s,raln  gagmg  ol  actual  hardware  was  not  practical,  it  was  decided  to  construct  a 6X  (six  times 

m0°de‘-  Coosttuct,on  of  an  actual  disk  at  this  scale  was  not  possible,  so  a rectilinear  model  containing  five  rim l.Twas 
seil.  I igure  shows  the  test  model  both  in  cross  section  and  parallel  to  the  rim  slots.  The  cooling  hole  geometry  is  also  shown 
The  straight  sides  of  the  cooling  hole  are  a feature  of  the  disk  design  which  originally  motivated  the  model  test  program. 

A major  concern  at  the  rim  slot/cooling  hole  intersection  is  the  effect  of  blending,  or  smoothing,  the  intersection  of  the  cooling 
hole  and  run  slot.  The  test  and  numerical  study  were  carried  out  for  two  different  intersection  geometries.  Figure  10.  ln  one  case 
(referred  to  as  the  first  geometry)  the  intersection  was  unblended,  in  the  other  case  (second  geometry)  the  intersection  with  the 
nm  slot  was  smoothed,  as  shown  in  Figure  10. 

ln, ,be  rec,m"ear  case  a blaJc  Pull  Joes  not  give  rise  to  a transverse  stress  in  the  model,  independent  loads  were  applied  in 
the  radial  and  tangential  directions  using  hydraulic  cylinders.  This  was  intended  to  allow  modeling  of  the  actual  disk  load  state  using 

d r f*,h  ? inS,a!'ed  in  ,eS*  ^ in  F«ure  1 1 • Strain  gage  data  was  taken  primarily  from  the  center  rim 

slot.  Both  sides  of  the  center  nm  slot  and  cooling  hole  were  instrumented  and  the  results  averaged  because  of  the  symmetry  in  loading 
and  geometry. 

BIE  Analysis  of  Disk  Rim 


A three  dimensional  stress  analysis  was  carried  out  for  the  center  rim  slot.  Because  of  the  geometrical  symmetry  only  one- 
rr/  nm  * °V Was  ac'ually  modeled'  A>  the  time  the  program  was  begun  the  BASQUE  BIE  code  was  not  vet  avail- 

m ?i  ii  N!°  proglanl  has  prob,em  s«e  restnctions  which  made  it  impossible  to  model  the  entire  geometry  using  the  BIE 
™ ,!'°d^°n**S  a,res“"- a two-stage  numerical  analysis  was  adopted.  First,  a relatively  crude  finite  element  model  of  the  quarter 

e'gl't  node  isopsrametric  elements,  The  finite  element  model  used  is  shown  in  Figure  12.  In  order 

lns  fnrV  ,eh  ,t  r , ,r'0r  V Sl0t  “d  CO°Ung  hole  a B,NTEQ  map  of  ™ sl°'  "*l0"  wa5  constriicted.  The  B1NTEQ 

maps  for  bo  h the  first  and  second  geometries  are  shown  in  Figure  13.  The  displacements  from  the  finite  element  analysis  were 
applied  as  boundary  conditions  to  the  top  and  bottom  surface  of  the  BIE  models. 

The  finite  element  analysis  required  about  1.5  hours  of  computer  (IBM  370/168)  time.  The  BINTEQ  analyses  for  both  geometries 
used  436  plane  triangular  elements  and  each  took  about  1 hour  of  cpu  time.  * 

Correlation  of  Results 


The  analytical  and  test  results  were  compared  in  terms  of  strain  concentration  factors,  defined  as 

Kt  = local  strain 
nominal  strain 

where  the  nominal  strain  for  each  load  case  is 
nominal  strain  = force 


(area)  x (Young’s  modulus) 


r 


1+4 


Considerable  care  was  taken  to  calculate  consistent  nominal  strains  for  the  test  and  B1E  results. 

Figures  14  through  1?  shows  the  correlation,  at  several  locations,  between  test  and  BIE  results  for  both  geometries  and  both  load 
states.  Results  are  presented  for  two  lines  of  strain  gages  in  the  rim  slot  and  two  in  the  cooling  hole  near  the  rim  slot/cooling  hole  inter- 
section. The  BIE  and  test  results  agree  quite  well  both  in  magnitude  and  in  variation  of  strain  over  the  surface.  The  largest  differences 
between  the  test  and  analytical  results  occur  in  situations  in  which  rather  rapid  variations  occur  over  relatively  large  elements,  for 
example  on  the  flat  surface  of  the  cooling  hole  or  in  the  portion  of  the  rim  slot  away  from  the  intersection  with  the  cooling  hole.  The 
analytical  results  in  these  areas  can  be  improved  by  mesh  refinement  or  rearrangement,  or  by  the  use  of  a BIE  program  such  as  BASQUE 
which  incorporates  a higher  order  modeling  capability.  Some  preliminary  results  obtained  using  the  BASQUE  code  are  discussed  below. 

Effectiveness  of  Higher  Order  BIE  Modeling 

When  the  BASQUE  code  bacame  available  it  was  used  to  repeat  the  analysis  of  the  second  (blended)  cooling  hole  geometry.  The 
map  used  for  this  study  is  shown  in  Figure  18,  along  with  the  corresponding  BINTEQ  map.  The  use  of  isopatamctric  shape  functions 
for  geometry  modeling  allows  the  representation  of  the  structure  with  less  than  one-quarter  of  the  number  of  elements  required  for 
the  BINTEQ  analysis.  Further  the  computer  time  required  (using  quadratic  boundary  data  variation)  was  eleven  minutes  compared 
to  almost  sixty  minutes  for  the  BINTEQ  analysis. 

An  example  of  the  improvement  in  accuracy  offered  by  the  higher  order  code  is  shown  ii.  Figure  19,  which  compares  BASQUE, 
BINTEQ  and  test  results  for  plane  4A  (in  the  cooling  hole)  under  tangential  load.  The  peak  strain  predicted  by  the  BINTEQ  analysis 
is  8 percent  low  relative  to  the  test  data.  The  peak  strain  predicted  by  the  BASQUE  analysis,  using  a much  cruder  map,  is  only  1 
percent  low. 


CONCLUSIONS 

The  BIE  > .ethod  has  been  shown  to  be  capable  of  predicting  rapidly  varying  stress  and  strain  fields  in  complex  geometries, 
using  either  plane  triangular  or  higher  order  elements.  Ease  of  geometrical  modeling  and  higher  order  boundary  data  variation  com- 
bine to  make  shape  function  based  codes,  such  as  BASQUE,  most  efficient  for  the  majority  of  design  analysis  use. 

In  order  to  allow  full  use  of  the  BIE  method  in  engineering  analysis,  development  of  certain  additional  capabilities  is  required 
to  model  the  blade  attachment/disk  lug  interaction.  The  ability  to  incorporate  thermal  stresses  due  to  a nonsteady  temperature 
field  is  also  required  in  many  gas  turbine  engine  applications. 
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Figure  1 Quadratic  Isoparametric  Shape  Functions 


LCF  Small  Flaw  Specimen  Geometry 


stress 


Transverse  distance  (Normalized)  ~ i z/t 

re  4 Transverse  Hoop  Stress  Gradient 


Boundary-Integral  Equation  Map  For  LCFSpecimen 
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Transverse  distance  (Normalized)  ~ ii/t 


Figure  5 Transverse  Stress  Gradient 


Figure  6 Hoop  Stress  Vs.  Radial  Distance 
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Unite  Element  Map  Ear  l.CE  Specimen 
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Figure  9 Disk  Test  Model  With  Radial  Holes 


Figure  1 1 Disk  Rim  Model  In  Test  Rig 
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' Rim  Slot -Cooling  Hole  Intersection 


Symmetric*!  one-quarter  section 
of  disk  test  model 


Rim  slot-coolinf  hole  intersection 
finite  element  model 
Radial  load  end  uniform  defection 
independently  applied 


Figure  12  Three-Dimensional  Finite  Fie  men  t Model 


Figure  II  I hreedhmenslonal  Hit.  Model* 


higure  14  ( orrelation  of  Test  and  Hit  Results 
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Figure  10  Correlation  of  Test  and  HIT 
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Figure  I 7 Correlation  of  Test  and  Hll  Results 

Second  Intersection  ( ieometry . I'lanes  2 A and  4 A 
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J.J.BIri'h.  Italy 

Could  you  comment  whether  integrating  across  the  singularities  poses  problems? 


Author's  Kepis 

I his  has  m the  oast  posed  problems,  and  was  the  subject  of  some  rather  extensive  study  during  the  early  develop- 
ment of  the  Hit  method  I think  it  lair  to  say  that  this  problem  has  now  been  resolved  through  careful  attention  to 
the  numerical  integration  schemes  used  and  through  indirect  or  exact  evaluation  of  the  most  highly  singular  terms. 

I Ins  question  is  discussed  in  some  detail  in  some  of  the  references  to  the  papers;  in  particular  numbers  1 , 3 . 8 and 


R D McKen/ie,  UK 

/'he  presence  of  cooling  air  will  give  rise  to  significant  thermal  stresses  in  the  neighbourhood  of  the  air  passage. 
Would  the  speaker  comment  on  the  problem  of  evaluating  these? 

Author's  Reply 

There  is  no  presently  available  lill  code  which  can  handle  the  time  dependent  thermal  loads  which  are  required  in 
the  mission  analysis  of  hot  engine  components.  A method  for  dealing  with  this  problem  was  developed  during  a 
recently  completed  Air  l orce  contract  with  Pratt  A Whitney,  and  is  discussed  in  the  final  contract  report  (by 
I .A.C'ruse  and  myself).  A main  objective  of  the  present  work  was  the  demonstration  of  the  BIT  method's  ability 
to  accurately  and  efficiently  calculate  concentrated  stresses  and  strains  in  complex  geometries  subject  to  rather 
complex  mechanical  loads.  Such  a demonstration  was  essential  before  undertaking  the  effort  ot  modifying  a HIT 
code  to  accept  time  dependent  thermal  loads. 

Further,  while  thermal  effects  are  clearly  present  in  the  disk  rim  area,  the  major  loading  is  usually  mechanical.  It 
is  hoped  that  the  thermal  effects  can  perhaps  be  taken  into  account  without  resorting  to  a full  three  dimensional 
thermoelastic  analysis. 


C.C.Chamis,  US 

Were  the  boundary  values  for  displacements  and  forces  used  in  the  boundary-integral  solution  those  determined 
from  the  3-1)  finite  element  analysis?  If  so,  then 

( 1 ) the  running  time  savings  cited  are  not  realistic  and  fair  comparisons;  and 

(2)  the  good  agreement  between  boundary-integral  predicted  strains  and  measured  strains  is  mostly  due  to  the 
global  solution  for  the  displacement  field  obtained  via  the  3-D  finite  element  analysis. 

Author's  Reply 

The  displacements  (but  not  stresses)  on  the  lop  and  bottom  surfaces  of  the  HIT  model  were  taken  from  (he  results 
of  the  finite  element  analysis.  If  these  displacements  were  significantly  in  error  then  no  analysis  method  could, 
except  by  accident,  obtain  accurate  local  results  in  the  rim  slot  and  cooling  hole.  Coven  the  good  accuracy  achieved 
for  these  boundary  displacements,  the  quality  of  the  local  results  in  the  cooling  hole  and  rim  slot  depends  on  the 
ability  of  the  analysis  method  to  resolve  rapidly  varying  stresses  and  strains  in  a complex  geometry.  A considerable 
body  of  evidence  indicates  the  superiority  of  the  BIT  method  in  this  regard.  In  particular,  the  printed  version  of  this 
paper  discusses  the  calculation  of  concentrated  stresses  in  a low  cycle  fatigue  specimen  using  both  the  higher  order 
HIT  code  and  NASTRAN.  The  HIT  results  are  significantly  better  than  the  NAS  I R AN  results  lor  the  same 
computing  cost. 

As  far  as  computing  time  (or  cost)  is  concerned,  the  main  conclusions  to  be  drawn  are. 

( 1 ) The  Hli:  code  using  higher  order  variation  of  geometry,  displacements  and  tractions  is  much  more  cost-effective 
than  the  older  linear  variation  code. 

(2)  The  total  computer  time  used  for  the  combined  finite  element  and  HIT  analysis  is  significantly  less  than  would 
have  been  required  if  a finite  element  model  detailed  enough  to  resolve  the  concentrated  stresses  had  been  used. 
This  is  particularly  clear  for  the  higher  order  HIT  code. 

Finally,  I should  note  that  we  have  since  carried  out  (entirely  with  the  higher  order  HIT  code)  an  analysis  of  a one- 
half  section  of  a blade  attachment  and  disk  rim.  This  larger  and  geometrically  more  complex  problem  required  a 
total  of  about  25  minutes  of  computing. 
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SUMMARY 

Studies  of  records  of  uncontained  rotor  bursts  in  commercial  aviation  both  in  the  U.S. 
and  abroad  indicate  that  the  rate  per  million  engine  hours  has  continued  to  hover  near  1 
for  more  than  the  past  decade.  Of  these,  serious  damage  resulted  at  a rate  of  about  0.13 
per  106  engine  hours;  while  this  rate  is  very  small,  efforts  to  reduce  the  hazard  of  non- 
containment continue.  Three  principal  means  are  commonly  pursued  to  this  end:  (1)  proper 
airframe/engine/system  layout  and  redundant  design  to  minimize  the  consequences  of  non- 
containment, (2)  inspections  to  detect  and  to  reduce  the  incidence  of  rotor  failures  as 
well  as  the  adoption  of  design  details  which  will  tend  to  produce  small-fragment  failures 
first  rather  than  heavy  energetic  fragments,  and  (3)  the  use  of  containment  or  deflector 
structure  to  control  dangerous  fragments.  The  present  paper  mainly  reviews  some  of  the 
recent  work  in  the  latter  category. 

INTRODUCTION 

In  recent  years,  surveys  of  the  number  and  type  of  engine  rotor  burst  non-containments 
in  the  U.S.  and  U.K.  commercial  aviation  have  been  reported  — covering  generally  the 
period  1962  through  1976  (1-5).  Some  excerpted  results  from  those  studies  are  shown  here 
for  convenient  reference.  For  example,  Mangano  et  al.  [1]  report  the  incidence  of  uncon- 
tained rotor  burst  as  shown  in  Fig.  1 for  U.S.  commercial  aviation  during  1962-1976; 
although  the  number  per  year  varies,  these  incidents  persist  at  a rate  of  more  than  15  per 
year.  Similarly,  Gunstone  [2]  reports  the  combined  "world  wide  and  U.S."  commercial  avia- 
tion engine  total  non-containments  per  million  engine  hours  for  the  period  1964-1975  as 
shown  in  Fig.  2;  here  it  is  seen  that  the  non-containment  rate  has  persisted  at  about  one 
per  million  engine  hours.  Of  greatest  concern,  perhaps,  from  the  safety  standpoint  are 
the  heavy  energetic  fragments  which  result  from  engine  disk  bursts.  Figure  3a  shows  a 
"worldwide”  history  of  engine  disk  fragment  non-containments  123,  while  Fig.  3b  identifies 
how  these  are  distributed  between  turbine-disk  and  compressor-disk  fragments  — per  million 
engine  hours;  these  high-energy  incidents  of  non-containment  are  seen  to  occur  at  a rate  of 
about  0.4  per  million  engine  hours.  References  1 through  4 also  indicate  the  frequency  of 
occurrence  as  a function  of  the  phase  of  flight,  the  reported  categories  of  the  causes  of 
failures,  etc. 

More  recently,  a similar  comprehensive  survey  and  study  has  been  reported  [5)  by  the 
SAE  Ad  Hoc  Committee  on  Engine  Containment.  Included  are  a chronology  of  the  type  of 
failures,  the  causes  of  failures,  the  resulting  aircraft  damage  (assessed  in  four  cate- 
gories ranging  from  damage  only  to  the  nacelle  of  the  affected  engine  to  severe  aircraft 
damage) , etc.  It  is  pointed  out  (5)  that  the  world  airline  accident  summary  prepared  by 
the  U.K.  CAA  on  all  commercial  turbine  powered  aircraft  powered  by  Detroit  Diesel  Allison, 
General  Electric,  Pratt  & Whitney,  and  Rolls  Royce  for  the  period  January  1,  1962  through 
December  31,  1975  shows  that:  (a)  of  the  1258  accidents  from  all  causes,  only  33  (or  2.62%) 
were  caused  by  engine  non-containment,  (b)  4 (1.06%)  of  381  hull  losses  can  be  attributed 
to  engine«f ragment  non-containment,  and  (c)  only  39  (0.33%)  of  11,690  fatalities  from  all 
causes  are  because  of  engine  non-containment.  These  statistics  can  be  interpreted  as  in- 
dicating ttart*  engine  rotor  fragment  non-containment  is  responsible  for  an  extremely  small 
percentage  of  the  total  number  of  accidents,  hull  losses,  and  fatalities.  This  has  been 
brought  about  by  the  vigilant,  diligent,  and  persistent  efforts  of  the  engine  designers 
- and  manufacturers,  the  aircraft  designers,  and  the  day-to-day  alertness  of  the  airline  operators  and  maintenance  personnel  as  well  as  the 
leadership  and  cooperation  of  the  FAA,  the  UK  CAA,  and  similar  agencies  each  has  played  a highly  significant  role.  While  all  of  these 
groups  exert  constantly  their  best  efforts  to  minimize  and/or  prevent  engine  rotor  bursts  and  any  ensuing  damage,  it  is  clear  that  engine 
rotor  failure  and  fragment-generation  will  continue  to  occur.  F.fforts  to  reduce  non-containment  and  the  consequences  of  such  non- 
containment should  continue  unabated 

Forney  [6]  has  described  concisely  the  FAA's  philosophy  and  approach  to  the  matter 
of  engine  rotor  integrity  and  non-containment.  Gunstone  (2)  has  also  discussed  the  UK  CAA's 
views  on  engine  rotor  fragment  non-containment.  These  two  viewpoints,  not  unexpectedly, 

are  remarkably  similar,  with  some  differences  in  detail.  In  general,  all  feasible  measures 
to  reduce  the  incidence  and  the  severity  of  engine  rotor  bursts  are  advocated  --  so  that 
any  fragments  which  do  occur  are  as  light  as  possible.  However,  there  is  clear  recognition 
that  engine  rotor  bursts  will  continue  to  occur;  accordingly,  there  is  strong  emphasis  on 
measures  to  reduce  the  consequences  of  non-containment.  Sought  (2,6)  is  "an  adeouate  level 
of  aircraft  invulnerability".  Each  agency  indicates  reouirements  and  guidelines  for 
achieving  this  goal.  Briefly,  the  aircraft  shall  be  designed  to  be  acceptably  invulnerable 
to  engine  rotor  fragment  debris  by  the  appropriate  locating  of  critical  parts,  structures, 
controls,  etc.,  by  duplicating  or  otherwise  providing  redundant  systems,  by  the  use  of 
local  armoring,  deflector  shields,  etc.  There  is  also  recognition  (1-6]  that  complete 
containment  of  engine  rotor  burst  fragments  may  result  in  greater  damage  and  danger  than 
permitting  the  judicious  penetration  and  escape  by  initially-produced  fragments  in  a 


A 
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“harmless  direction"  wherever  feasible.  In  this  context  the  use  of  local  shields  and  de- 
flectors becomes  attractive. 

McCormick  (7]  of  the  Boeing  Commercial  Airplane  Company,  Wallin  [3)  of  the  British 
Aircraft  Corporation,  and  Wignot  18)  of  the  Lockheed  California  Company  have  described 
their  current  design  practices  to  cope  with  the  engine  rotor  burst  problem.  Representa- 
tive is  the  description  by  McCormick  |7):  "Current  design  practices  to  minimize  this 
hazard  (of  non-containment  of  engine  fragments)  include  configuring  the  aircraft  to  reduce 
the  risk  of:  (1)  loss  of  additional  thrust,  (2)  fuel  fed  fires,  (3)  loss  of  critical  sys- 
tems, and  (4)  loss  of  structural  integrity.  These  objectives  are  accomplished  by:  (1) 
controlling  the  relative  location  and  spacing  of  engines  and  critical  systems,  (2)  use  of 
redundant  systems,  (3)  use  of  dual  load  path  structure,  and  (4)  use  of  fire  protection 
systems.  In  addition,  where  configuration  peculiarity  indicates,  consideration  is  given 
to  special  shielding  of  critical  components.  The  application  of  these  concepts  is  of 
course  very  dependent  upon  the  basic  airplane  configuration.  Also,  any  measure  to  reduce 
the  hazard  of  non-containment  engine  fragments  must  be  evaluated  in  terms  of  overall  air- 
craft safety." 

Wallin  (3]  has  offered  his  personal  description  of  design  considerations  and  concepts 
used  in  analyzing  and  coping  with  the  engine  rotor  failure  hazard  for  the  Concorde. 

Several  self-explanatory  figures  from  Wallin's  paper  serve  here  as  excellent  illustrations 
of  representative  approaches.  Figure  4 depicts  Wallin's  engine  rotor  failure  hazard  tree; 
Fig.  5 shows  the  use  of  the  local  armor  shield  concept;  and  Fig.  6 indicates  precautions 
to  minimize  engine  rotor  failure  damage  with  respect  to  aircraft  systems  and  fire  pre- 
cautions. Further  very  informative  illustrations  of  engine  rotor  fragment  design  consid- 
erations, precautions,  and  practice  are  given  in  Ref.  3. 

Hill  [9],  Duttweiler  (10),  and  Doherty  (11)  have  described  design  considerations  and 
details,  materials  and  manufacturing  processes,  and  the  use  of  non-destructive  evaluation 
techniques  to  achieve  increased  engine  rotor  life  and  reliability.  Kaufman  (12)  reviews 
a number  of  design  innovations  and  guidelines  leading  to  engine  rotors  of  improved  relia- 
bility as  well  as  having  the  deliberately  designed-in  feature  of  "insuring"  that  engine 
rotor  bursts  if  and  when  they  occur  will  be  such  as  to  produce  small  rather  than  large 
energetic  fragments.  A detectable  relatively-mild  engine  rotor  burst  rather  than  a highly 
energetic  and  potentially  much  more  dangerous  rotor  burst  is  sought. 

Morelli  (13)  has  described  the  highly  important  role  of  the  aircraft  operator,  his 
systematic  maintenance  and  inspection  procedures,  his  innovative  role  in  devising  effec- 
tive in-the-field  inspection  techniques,  as  well  as  the  close  collaboration  between  the 
user  and  the  engine  manufacturer  in  alerting  each  other  to  potential  failure  problems  and 
to  prevent  such  problems.  Clearly,  these  activities  have  been  highly  important  in  keeping 
the  number  of  dangerous  engine  rotor  burst  failures  to  such  a remarkably  low  percentage 
figure.  However,  Morelli  has  emphasized  the  need  for  improved  in-the-field  diagnostic 
capabilities  for  detecting  imminent  failures. 

As  noted  earlier,  despite  the  best  efforts  of  the  engine  manufacturer  and  the  airline 
operator-maintenance- inspection  personnel,  engine  rotor  bursts  with  fragments  of  signifi- 
cant mass  and  kinetic  energy  will  continue  to  occur.  Thus,  one  must  continue  the  practice 
of  vigilant  airframe-engine-system  design  to  minimize  the  hazard  of  either  contained  or 
non-contained  rotor  bursts. 

McCarthy  (4)  has  presented  an  excellent  summary  of  typical  types  of  rotor  failures 

from: 


(a)  low  cycle  fatigue  (Fig.  7) 

(b)  high  cycle  plus  low  cycle  fatigue  (Fig.  8) 

These  figures  are  self-explanatory.  Figure  8 depicts  some  causes  of  disk  failures  arising 
from  overheating  (4).  Some  multiple  blade  release  cases  are  shown  in  Fig.  9,  while  various 
"typical  shapes"  of  bladed  disk  fragments  are  depicted  in  Fig.  10.  Data  on  the  number  and 
size  distribution  of  burst  rotor  disk  segments  for  both  compressors  and  turbines  are  of 
concern;  such  data  are  shown  in  Fig.  11  where  the  maximum  dimension  of  the  largest  fragment 
is  given  as  a percentage  of  the  bladed  disk  diameter.  For  compressor  rotor  disks,  large 
fragments  occur  rather  freauently;  about  40  percent  of  those  largest  fragments  were  uncon- 
tained (cross-hatched  region).  For  turbine  rotor  disks,  smaller  fragments  occur  more  fre- 
quently; the  percentage  distribution  of  uncontained  failures  is  shown  also  in  Fig.  11. 
Fragment  weight  as  a percentage  of  bladed  disk  weight  is  shown  by  McCarthy  (4)  in  Fig.  12 
for  compressor  and  turbine  rotor  bursts.  To  illustrate  the  range  of  typical  fragment  ve- 
locities at  release,  maximum  disk  rim  speeds  are  shown  (4)  in  Fig.  13  for  a number  of 
engine  compressor  and  turbine  rotors;  this  value  is  chosen  since  it  is  representative  of 
the  center-of-gravity  velocity  of  a fragment  consisting  of  a rim  piece  plus  several 
attached  blades.  Note  that  these  velocities  lie  between  about  400  and  1300  ft/sec.  Thus, 
as  McCarthy  has  pointed  out,  fragments  in  this  velocity  range  can  be  stopped  or  deflected 
by  conventional  armor  such  as  steel  or  titanium  plate  rather  than  special  materials  which 
are  needed  for  much  higher  impact  velocities.  Next,  the  percentage  of  rotor  fragment 
kinetic  energy  in  (a)  translation  and  (b)  rotation  are  shown  in  Fig.  14  as  a function  of 
the  included  angle  0 of  the  fragment  sector.  The  angular  spread  from  the  rotor  disk  plane 
of  rotor  burst  debris  escaping  the  casing  is  shown  in  Fig.  15  as  a function  of  fragment 
weight;  for  very  heavy  fragments,  the  angular  spread  is  typically  about  + 5 deg.  but  can 
extend  to  about  + 30  deg  . for  the  lightest  fragments.  Finally,  Fig.  16  shows  schemati- 
cally potentially  the  direction  and  energy  of  debris  emerging  from  the  casing;  this  is  of 
some  interest  from  the  point  of  view  of  selecting  the  layout  and  relative  locations  of 


aircraft  controls,  and  other  systems  to  minimize  the  hazard  from  such  debris. 
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With  this  brief  overview  of  engine  rotor  burst  problems  and  phenomena,  let  us  con- 
tinue this  survey  by  reviewing  some  of  the  experimental  and  theoretical  work  that  has  been 
carried  out  to  study  the  containment  and/or  deflection  of  both  engine  rotor  and  other 
simpler  fragments. 

EXPERIMENTS  ON  FRAGMENT  CONTAINMENT  OR  DEFLECTION 

During  about  the  past  decade  the  Naval  Air  Propulsion  Test  Center  under  NASA  sponsor- 
ship has  conducted  many  engine  rotor  fragment  conta i nment/def lect ion  tests  in  their  spin 
chamber  facility  [1,  14,  15).  Most  of  these  tests  were  devoted  to  studying  containment 
ring  responses  to  rotor  burst  fragments  from  T5a  turbine  rotors  or  J65  turbine  rotors.  In 
some  cases  the  rotor  was  modified  so  that  it  would  burst  at  a selected  rpm  into  2,  3,  4, 
or  6 equal-size  pie-shaped  rotor-disk  fragments  with  attached  blades.  In  other  cases 
only  one  blade  of  a fully-bladed  rotor  would  be  caused  to  come  off  to  impact  the  contain- 
ment-ring "casing"  (and  the  oncoming  still-attached  blades  of  the  spinning  rotor).  Single- 
layer single-material  rings  as  well  as  multilayer,  multimaterial  rings  were  used.  In  some 
tests  the  rotor  burst  and  the  subsequent  fragment  impact  and  interaction  were  photographed 
through  a viewing  port  by  a high-speed  Dynafax  camera;  these  photographs  have  provided 
valuable  insight  into  the  principal  phenomena  accompanying  impact  and  interaction  of  very 
complex  fragments  with  containment  rings.  In  other  tests  the  containment  ring  was  sand- 
wiched between  “heavy  guide  plates"  which  insured  that  the  attacking  fragments  would  not 
inadvertently  escape  from  the  plane  of  the  containment  ring  and  thus  give  a misleading 
impression  of  the  ability  of  a given  ring  to  contain  fully  the  basic  fragment  attack;  in 
these  tests  the  thickness  of  a containment  ring  of  given  axial  length  was  varied  in  order 
to  determine  the  minimum  thickness  required  to  contain  fully  a given  type  (and  kinetic 
energy)  of  engine-rotor-fragment  attack.  These  valuable  experiments,  conducted  at  the 
NAPTC , are  discussed  more  fully  in  Refs.  1,  14,  and  15,  as  well  as  in  a paper  to  be  pre- 
sented at  this  meeting  by  Mangano  and  his  co-workers. 

Hagg  and  Sankey  [16]  report  the  results  of  spin-chamber  experiments  by  Westinghouse 
to  contain  smooth  cylindrical  disk  segments  by  means  of  cylindrical  1020  steel  containment 
shells . 

Gerstle  [17]  reports  that  in  1972  the  Boeing  Co.  initiated  an  experimental  program 
to  evaluate  lightweight  shields  for  engine  fragment  burst  containment.  In  their  impact 
mechanics  laboratory,  powder-driven  guns  were  used  to  launch  simulated  engine  rotor  frag- 
ments to  impact  against  titanium,  Kevlar,  or  metal-Kevlar  panels.  These  panels  were  im- 
pacted by  steel  cubes  and  rods  at  various  incidence  angles  with  respect  to  the  surface  of 
the  panel.  Containment  threshold  data  were  obtained.  Some  of  these  data  as  reported  by 
Bristow  et  al.  (18)  are  shown  in  Fig.  17;  shown  here  is  the  uninstalled  weight  per  unit 
area  of  various  materials  required  to  contain  a fragment  (or  fragments)  of  given  transla- 
tional kinetic  energy.  These  experimental  threshold  containment  data  pertain  to  (1)  the 
Boeing  impact  tests  on  titanium  and  Kevlar  panels,  (2)  the  NASA/NAPTC  spin  chamber  tests 
for  T58  turbine  rotor  tri-hub  bursts  against  several  types  of  containment  rings  |1,  14, 

15],  and  (3)  the  Westinghouse  data  (16)  on  1020  steel  cylindrical  shells  subjected  to 
smooth-rotor-disk  fragment  attack.  Although  this  plot  is  on  a log-log  scale  and  the  im- 
pacting fragments  have  various  geometries,  all  of  the  data  except  that  for  the  Kevlar 
panels  fall  roughly  on  a single  line.  The  Kevlar  data  suggest  the  possibility  that  this 
or  similar  material  may  be  useful  in  providing  containment  structure  and/or  shields  of 
significantly  lighter  weight  than  conventional  metal  structure  such  as  aluminum,  steel, 
titanium,  etc.  can  provide.  To  realize  this  benefit,  however,  the  Kevlar  material  must 
be  in  a portion  of  the  structural  configuration  such  that  the  Kevlar  is  permitted  to 
stretch  readily  in  order  to  absorb  the  kinetic  energy  of  the  fragment  so  as  to  arrest  the 
motion  and  to  contain  the  fragment,  or  to  reduce  the  kinetic  energy  of  the  fragment  to  an 
acceptably  small  value  before  Kevlar  rupture  and  fragment  escape  occurs.  Hence,  proper 
layout,  configuration,  and  installation/attachment  matters  must  be  addressed  carefully  to 
achieve  a practical  and  effective  Kevlar-based  containment-structure  design. 

If  the  Kevlar  material  is  to  be  used  in  locations  where  elevated  temperature  and 
temperature  cycling  occurs,  one  must  investigate  and  allow  for  these  effects.  Some  data 
on  these  effects  on  Kevlar  performance  are  given  in  Ref.  18.  More  recent  studies  of  the 
use  of  Kevlar  by  itself  and  in  combination  with  various  other  materials  to  produce  con- 
tainment structures  are  reported,  for  example,  by  Bristow  et  al.  119]  and  Weaver  1201,  and 
by  discussers  of  those  papers.  Two  of  the  items  of  concern  raised  are  (1)  the  effect  of 
fluids  such  as  oil  in  lubricating  the  Kevlar  and  perhaps  reducing  its  containment  effec- 
tiveness and  (2)  the  possible  danger  from  fires  because  of  fluid  soak-up  (or  "wicking”) 
by  the  Kevlar.  These  effects  and  their  alleviation  are  beinq  studied. 

Incidentally,  the  use  of  Kevlar-based  protective  clothing  to  protect  law  enforcement 
personnel,  combat  soldiers,  pilots,  etc.  from  bullets  and  shrapnel  has  received  much  at- 
tention; see  Refs.  21  and  22,  for  example. 

It  was  noted  earlier  that  certain  multilayer  multimaterial  containment  rings  were 
studied  in  the  NAPTC  experiments  (15)  . Holms  (23)  has  discussed  recently  a number  of 
concepts  for  achieving  fragment  containment  with  the  "least  weight  penalty"  by  using  multi- 
layer multimaterial  rings  or  panels  with  the  proper  sequence  of  types  of  materials  and 
properly-chosen  layer  thicknesses.  Currently,  some  of  these  concepts  are  being  explored 
in  a systematic  experimental  program  being  conducted  at  the  Naval  Air  Propulsion  Test  Center 
by  the  cooperative  efforts  of  NAPTC  and  NASA-Lewis  personnel.  Also,  recently  Gardner  (24) 
has  discussed  some  concepts  for  and  some  experience  in  the  use  of  ceramic  composite 
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materials  and  structures  to  provide  protection  from  turbine  disk  bursts. 

Although  Kevlar-based  and  ceramic-composite  materials/structures  possess  attractive 
attributes,  most  of  the  current  containment  shields  and  containment  rings  consist  of 
simple  metallic  single-layer  construction.  A complete  understanding  of  and  the  ability 
to  predict  accurately  the  responses  of  these  simpler  structures  to  impact  attack  by  either 
complex  or  simple  fragments  has  not  been  demonstrated.  For  certain  types  of  (1)  fragments 
and  (2)  fragment  impact  conditions,  experimental  data  have  been  accumulated  so  that  conser- 
vative design  to  cope  with  limited  types  of  fragments  and  fragment  attack  conditions  can 
be  accomplished.  For  structure/material  and  f ragment-type-and-impact  conditions  differing 
significantly  from  that  data  base,  one  seeks  the  availability  of  rational  and  validated  theo- 
retical prediction  methods. 

In  the  process  of  developing  theoretical  methods  for  predicting  the  responses  of 
simple  single-layer  metal  structures  to  low  speed  impact  attack  such  as  is  typical  for 
engine  rotor  fragments,  the  need  for  and  lack  of  detailed  measurements  of  impact-induced 
structural  response  data  for  well-defined  conditions  of  both  the  fragment  and  the  contain- 
ment structure  became  apparent.  Also,  it  has  been  appreciated  for  a long  time  (and  the 
NAPTC  photographic  studies  have  confirmed  in  considerable  detail)  that  rotor  blades  and/or 
bladed-disk  fragments  undergo  rather  severe  changes  in  shape  as  they  impact  and  interact 
with  a containment  or  deflector  structure;  this  rapidly  changing  geometry  greatly  compli- 
cates the  interpretation  of  transient  structural  response  measurements  (strains,  deflec- 
tions, and  motion)  of  fragment-impacted  structures  when  one  attempts  to  compare  such  mea- 
surements with  theoretical  predictions.  The  accompanying  geometric  and  material  behavior 
are  often  highly  nonlinear. 

In  order  to  obtain  impact-induced  structural  response  data  wherein  both  the  fragment 
and  the  impacted  structure  are  well-defined  (that  is,  the  attacking  fragment  has  a known 
and  "unchanging  geometry"  throughout  the  impact-interaction  attack) , experiments  have  been 
carried  out  to  measure  the  responses  of  simple  beams  and  panels  of  ductile  metals  such  as 
aluminum  to  impact  by  a steel  sphere.  Such  measurements  are  reported,  for  example,  in 
Refs.  25,  26,  and  27.  These  data  are  very  useful  for  evaluating  the  reliability  and  ac- 
curacy with  which  one  can  predict  theoretically  the  transient  responses  of  fragment-impac- 
ted structures  under  clear  well-defined  conditions.  Thus,  if  one  can  verify  that  reliable 
predictions  can  be  accomplished  for  these  well-defined  conditions,  one  can  proceed  from  a 
sound  base  to  take  into  account  more  complicated  conditions  involving,  for  example,  com- 
plex deformable  fragments,  etc. 

PREDICTIONS  OF  STRUCTURAL  RESPONSE  TO  FRAGMENT  IMPACT 

Various  approaches  for  predicting  structural  response  to  fragment  impact  can  be  found 
in  the  literature.  These  include  (a)  approximate  analytical  methods,  (b)  combined  analyti- 
cal-experimental (or  semi-empirical  methods),  and  (c)  numerical  methods.  Approximate  ana- 
lytical methods  apply  usually  to  only  very  simple  types  of  impact  configurations  and  prob- 
lems, and  involve  often  highly  simplifying  assumptions  (see,  for  example,  Refs.  16,  25, 
and  28) . Semi-empirical  methods  are  developed  for  special  separate  categories  of  (a)  types 
of  structural  configurations/materials  and  (b)  types  of  fragments;  a body  of  experimental 
data  is  generated  for  each  such  category  — and  provides  the  "final  basis”  upon  which  pre- 
dictions are  made  for  design  or  other  purposes.  In  the  present  review,  these  first  two 
categories  of  prediction  methods  will  not  be  discussed  further  because  of  time  and  space 
constraints.  Instead,  a brief  review  of  some  work  carried  out  to  date  in  numerical  methods 
for  predicting  impact-induced  structural  response  will  be  made.  Further,  since  interest 
centers  principarly  upon  containing,  deflecting,  or  otherwise  controlling  low-speed  im- 
pacting fragments  by  the  use  of  light-weight  shield  or  containment  structures,  these  struc- 
tures will  be  required  to  undergo  large  deflections  and  will  almost  invariably  experience 
a considerable  degree  of  inelastic  behavior.  Thus,  a highly  nonlinear  transient  structural 
response  problem  involving  geometric  and  material  nonlinearities  must  be  analyzed  and 
solved. 

It  should  be  noted  that  typical  engine  rotor  fragment  velocities  of  about  400  to  1300 
ft/sec  must  be  taken  into  account.  However,  it  is  the  component  of  that  velocity  perpen- 
dicular to  the  impacted  structure  which  governs  mainly  the  "intensity"  of  the  impact  inter- 
action; that  perpendicular  component  in  turn  ranges  roughly  from  200  to  700  ft/sec.  In 
principle  one  could  employ  finite-difference  and/or  finite-element  computer  codes  which 
model  both  the  attacking  fragment  and  the  impacted  target  structure  as  3-D  solids  in  order 
to  predict  the  impact-induced  through-the-thickness  stress  waves  and  associated  elastic- 
plastic  flow  and  deformation.  Such  computer  codes  include,  for  example,  HEMP[29], 

HELP [30],  STRIDE [31],  EPIC [32],  and  PISCES [331.  However,  these  codes  apply  to  only  certain 
simple  fragment  geometries  such  as  cylindrical  rods  or  spheres.  In  some  codes  the  target 
is  treated  as  a single  layer,  single  material  body  but  in  others  as  of  multilayer,  multi- 
material construction.  Elastic-plastic  deformation  and  flow  as  well  as  sliding  interfaces 
between  fragment  and  target  or  between  the  layers  of  layered  targets  are  taken  into  ac- 
count in  some  of  these  programs.  Thus,  a fairly  comprehensive  accounting  of  the  principal 
phenomena  are  accommodated  but  the  computer  storage  requirements  and  computing  expense 
are  substantial. 

In  view  of  these  considerations  and  the  fact  that  engine  rotor  burst  containment/con- 
trol experiments  show  usually  that  structural  response  types  of  damage  rather  than  intense 
through-the-thickness  stress-wave-induced  damage  (such  as  spall  fracture)  are  commonly 
observed  in  single-layer  and  multilayer  containment  structures  leads  one  to  seek  a simpler, 
less  expensive  means  of  predicting  theoretically  the  primary  behavior:  the  transient  struc- 
tural response  rather  than  the  so-called  material  or  stress-wave  response.  Accordingly, 
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the  containment/control  structure  is  represented  as  a "structure"  (rather  than  a 3-D 
solid),  and  two  categories  of  structural  response  are  studied:  (a)  2-D  structural  re- 
sponse wherein  the  principal  deformation  or  deflection  of  the  structure  (beams,  rings) 
lies  in  one  plane  --  with  two  components  of  deflection  and  (b)  3-D  structural  response 
(of  panels,  plates,  and  shells)  wherein  the  displacements  have  three  significant  components. 
With  respect  to  the  attacking  fragment,  one  of  several  simplified  models  can  be  employed 
to  represent  its  behavior  during  the  impact-interaction.  It  is  this  simpler  "engineering 
modeling"  and  analysis  which  will  be  reviewed  in  the  remainder  of  this  paper. 


There  are  many  finite-difference  and  finite-element  structural  dynamic  analyses  and 
computer  programs  which  have  been  or  could  be  adapted  for  this  type  of  analysis.  Time 
and  space  limitations,  however,  preclude  a review  and  categorization  of  these  analyses  -- 
our  apologies  to  the  many  authors  whose  pertinent  developments  and  papers  must  be  omitted. 
Hence,  only  several  illustrative  examples  will  be  discussed  here,  and  these  examples  are 
those  with  which  the  authors  are  most  familiar. 

2-D  Impact- Induced  Structural  Response 

Consider  an  initially-circular  single-layer  containment  ring  whose  axial  length  is 
comparable  to  the  corresponding  dimension  of  a single  rotor  blade  as  depicted  in  Fig.  18. 
In  this  case  one  expects  the  containment  ring  to  undergo  essentially  2-D  deformation  re- 
sponse. Such  an  experiment  was  carried  out  at  the  Naval  Air  Propulsion  Test  Center  [34] 
and  the  pertinent  data  are  listed  in  Table  1. 

Let  the  ring  structure  be  represented  spatially  by  finite  elements  such  as  the  curved 
ring  elements  [35,  36]  employed  in  the  JET  3 program  of  Ref.  37.  Large  deflections  as 
well  as  elastic-plastic,  strain  hardening,  and  strain  rate  mechanical  behavior  of  the  ring 
material  are  taken  into  account. 

In  one  scheme  explored  for  estimating  the  interaction  effects  between  the  attacking 
fragment  and  the  containment  ring,  the  blade  fragment  is  idealized  as  being  straight  and 
non-deformable;  the  local  impact  behavior  between  the  fragment  and  the  ring,  however,  is 
regarded  as  being  (a)  perfectly  elastic,  (b)  perfectly  inelastic,  or  (c)  intermediate  be- 
tween these  conditions  by  employing  a coefficient  of  restitution  e of  e=l,  e=0,  or  0<e<l 
for  cases  (a),  (b) , or  (c) , respectively.  Impulse-momentum  and  energy  conservation  rela- 

tions are  employed  to  estimate  for  a single  impact  the  momentum  imparted  to  an  "impact- 
affected  region"  of  the  ring  centered  about  the  impact  point  — as  depicted  in  Fig.  18; 
the  fragment  suffers  a corresponding  decrement  of  velocity  or  momentum.  For  convenience, 
this  approach  is  termed  herein  the  collison-imparted  velocity  method  CIVM.  The  effects 
of  friction  between  the  fragment  and  the  structure  can  also  be  taken  into  account  by  em- 
ploying a selected  value  for  the  coefficient  of  sliding  friction  y. 

Shown  in  Fig.  19  is  an  information  flow  schematic  for  the  prediction  of  ring  and 
fragme  *•  motions  in  the  CIVM  approach.  Here  the  finite  element  equations  of  motion  for 
the  ring  and  the  rigid-body  equations  of  motion  for  the  fragment  are  solved  in  small  in- 
crements in  time  At  by  using  a selected  timewise  finite  difference  operator;  for  example, 
the  timewise  central  difference  operator  is  employed  in  the  calculations  reported  in 
Ref.  35  and  in  the  CIVM-JET  4B  computer  program  of  Ref.  38. 

Illustrated  in  Fig.  20  are  predictions  of  ring  configuration  and  fragment  location  at 
810  microseconds  after  initial  impact  for  the  NAPTC  Test  91  conditions  shown  in  Table  1. 

In  the  impact  quadrant  the  ring  was  modeled  by  10  equal-length  cubic-cubic  elements;  6 
equal-length  elements  were  used  in  each  of  the  other  3 quadrants.  For  these  calculations, 

coefficients  of  restitution  of  e=0  and  e=l  were  used.  The  2024-T4  aluminum  ring  material 

was  regarded  as  elastic,  gerf ectly-glastic  with  a strain-rate  (EL-PP-SR)  dependent  yield 

where  o is  the  static  yield  stress,  t is  the  strain  rate,  and 

D and  p are  material  constants.  For  these  calculations,  D = 6500  sec  1 and  p = 4 were 

assumed  [39].  Also,  fric^jyiless  impact  and  interaction  (y  = 0)  between  the  ring  and  the 
blade  was  assumed  for  the  cases  illustrated  here.  Fairly  good  agreement  between  the  pre- 
dicted and  observed  deformed  ring  configuration  is  noted,  but  the  predicted  vs.  observed 
fragment  motion  is  not  good.  This  latter  disagreement  stems  mainly  from  ignoring  (a) 
friction  and  (b)  the  changing  mass  moment  of  inertia  of  the  actual  deforming  blade.  Later 
calculations  included  these  effects. 


stress  a = a [1  + 

- • y ° 


A second  means  for  accounting  for  the  impact-interaction  between  the  impacting  frag- 
ment and  the  ring  is  termed,  for  convenient  reference,  the  collision  force  method  CFM. 

In  this  approach  the  fragment  is  treated  as  being  deformable  rather  than  rigid,  and 
idealized  types  of  deformation-sequence  configurations  are  selected  --  as  depicted,  for 
example,  in  Fig.  21.  Explored  in  Ref.  40  were  the  following  two  idealizations  — the 
steel  blade  was  assumed  (a)  to  remain  straight  but  to  shorten  in  an  elastic,  perfectly- 
plastic  (EL-PP)  fashion  or  (b)  to  curl  in  a simple  plausible  assumed-mode  fashion;  these 
are  termed,  respectively,  the  elastic,  perfectly-plastic  shortening-blade  model  (EL-PP-SB) 
and  the  EL-PP-CB  model  where  CB  refers  to  curling  blade.  These  modes  of  behavior  combined 
with  a step-by-step  collision/inspection  set  of  rules  permitted  following  the  process. 

At  any  given  instant,  applicable  values  of  the  governing  deformed-blade  configuration 
parameters  were  identified.  These  in  turn  were  related  via  energy  methods  to  the  component 
of  the  force  applied  by  the  blade  perpendicular  to  the  surface  of  the  attacked  containment 
ring  — and  equal-and-oppositely  to  the  fragment  itself.  Similarly,  equal  and  opposite 
tangential  forces  (from  friction)  were  postulated  to  be  y times  the  normal-to-the-surf ace 
component.  A self-explanatory  flow  chart  for  the  CFM  process  is  given  in  Fig.  22. 
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Shown  in  Fig.  23  for  NAPTC  Test  91  are  CFM  deformed  ring  predictions  at  626  micro- 
seconds after  initial  impact  for  the  EL-PP-SB  model  and  the  EL-PP-CB  model  for  the  case 
in  which  the  friction  coefficient  u is  assumed  to  be  0.15  and  the  perfectly-plastic 
yield  stress  of  the  steel-alloy  blade  is  assumed  to  be  oQ^  = 160,000  psi . Fairly  good 

agreement  between  experiment  and  these  EL-PP-CB  model  predictions  is  observed.  Reference 
40  shows  the  ring  response  to  be  rather  insensitive  to  plausible  values  of  the  friction 
coefficient,  but  the  motion  of  the  blade  itself  is  much  more  sensitive  to  u.  In  the  CFM 
scheme  one  must  keep  track  of  the  time-varying  geometry  of  both  the  deforming  blade  and 
the  deforming  containment  ring  in  order  to  de*  *rmine  when  and  where  the  successive  col- 
lisions occur.  Hence,  it  is  evident  that  if  one  were  to  use  this  method  to  analyze  struc- 
tural response  to  impact  by,  for  example,  a disk-rim  fragment  (or  several  fragments)  with 
perhaps  from  3 to  10  blades  attached  on  each  (each  blade  of  which  will  undergo  sequential 
different  deformations) , one  would  be  faced  with  a substantial  book-keeping  task  to  define 
the  space  occupancy  of  the  complex  deforming  fragment;  the  advisability  of  seeking  a less 
complex  scheme  is  clear.  Accordingly,  subsequent  attention  has  been  given  to  the  use  of 
greatly  idealized  rigid  fragments  in  conjunction  with  the  CIVM  scheme. 

Tri-Hub  Rotor  Burst  Attack  Against  a 2-D  Containment  Ring 

One  type  of  postulated  engine  rotor  fragment  attack  which  has  received  much  discussion 
is  that  in  which  the  rotor  bursts  into  3 equal  segments  (termed  a tri-hub  burst).  One  frag- 
ment of  this  type  is  shown  schematically  in  Fig.  24.  The  NAPTC  has  conducted  many  tests  in- 
volving tri-hub  burst  attack  against  various  single-layer  and  multilayer  containment  rings. 
Recently  NAPTC  Test  201  involving  tri-hub  attack  of  a T58  turbine  rotor  at  19,859  rpm 
against  a cast  4130  steel  containment  ring  of  7.50-in  inner  radius,  0.625-in  thickness,  and 
1.50-in  axial  length  was  conducted  (41).  High-speed  photographs  showed  the  severe  deforma- 
tion incurred  by  many  of  the  blades  during  the  impact/interaction  process;  this  is  depic- 
ted schematically  in  Fig.  24. 

For  convenience  and  geometric  simplicity,  each  such  fragment  has  been  idealized  for  use 
in  the  CIVM-JET  4B  computer  code  [38]  as  a rigid  circular  body  of  the  same  mass  and  mass  mo- 
ment of  inertia  as  the  pre-impact  fragment,  with  the  same  CG  location,  translational  ve- 
locity, and  rotational  velocity  as  the  actual  fragment  at  postulated  release.  As  indicated 
in  Fig.  24,  one  might  elect  to  represent  the  actual  fragment  by  an  idealized  fragment  of 
“properly  selected  radius  rf".  An  examination  of  this  rotor  indicates  that  reasonable 
minimum  and  maximum  values  for  rf  would  be  about  2.56  and  4.20  inches,  respectively;  the 
use  of  these  as  well  as  an  "intermediate"  value  of  3.36  inches  was  explored. 

Figure  25  indicates  the  geometric,  test,  and  modeling  data  for  this  case.  The  ring 
has  been  modeled  by  48  equal-length  ring  elements.  The  point  of  initial  impact  of  each  of 
the  three  fragments  is  indicated  in  Fig.  25;  element  numbers  and  node  identification  are 
also  given.  The  uniaxial  static  stress-strain  properties  of  4130  cast  steel  were  approxi- 
mated by  piecewise  linear  segments  with  the  stress-strain  pairs:  (o,e)  = 80,950  psi,  .00279; 
105,300  psi,  .0225;  and  121,00  psi,  .200  via  the  mechanical  sublayer  model;  strain  rate 
effects  [39]  were  approximated  by  using  D = 40.4  sec-l  and  p = 5.  Shown  in  Fig.  26  is  the 
predicted  ring  configuration  at  1000  microseconds  after  initia'  impact.  The  predicted  inner 
surface  and  outer  surface  strains  at  the  midelement  location  of  elements  1 and  4 are  given 
in  Fig.  27;  for  this  calculation,  frictionless  impact  u=0  and  rf  = 2.555  in  were  employed. 

The  effects  of  friction  for  otherwise  identical  modeling  are  indicated  roughly  by  the 
Fig.  28  comparison  of  deformed  ring  configurations  at  1200  microseconds  after  initial 
impact  for  y=0  and  u=0.3.  Similarly,  the  effects  of  idealized  fragment  radius  rf  are  seen 
in  Fig.  29  where  deformed  ring  profiles  at  1200  microseconds  after  initial  impact  are  shown 
for  rf  = 2.555  in  and  rf  = 3.360  in.  It  is  evident  that  if  one  chooses  an  unduly  large 
idealized  fragment  radius  rf,  this  "rigid  fragment"  will  constrain  the  ring  to  restrict  its 
bending  strain  contribution  so  that  unrealistically  small  total  strains  will  be  produced  at 
the  "convex  lobes"  — compared  with  that  which  the  actual  "ef fectively-smaller-radius"  frag- 
ment will  produce. 

The  use  of  an  idealized  fragment  of  constant  radius  will  clearly  make  it  impossible 
to  obtain  complete  time  history  agreement  between  predicted  and  measured  inner-surface 
and/or  outer-surface  strains  on  the  ring.  However,  the  hope  is  that  a properly-chosen 
effective  rf  will  lead  to  reasonable  predictions  vs.  experiment  of  maximum  strains  pro- 
duced as  a function  of  circumferential  location.  Further  calculations  and  measurements 
are  needed  to  assess  the  reliability  with  which  this  can  be  done.  However,  at  the  cost  of 
greater  complexity  and  computational  expense,  one  can  devise  and  use  a fragment  model  which 
more  closely  simulates  the  behavior  of  the  actual  fragment. 

Note,  finally,  that  a comparison  between  the  predicted  and  observed  permanently-deformed 
ring  configuration  is  not  shown.  This  is  the  case  because  the  calculation  at  At=l  i icro- 
second  has  been  carried  out  only  to  2400  microseconds  after  initial  impact.  Whereas  peak 
response  occurred  near  1200  microseconds,  the  ring  is  still  springing  back  considerably  at 
the  2400  microsecond  time.  A longer  calculation  would  be  necessary  in  order  to  permit 
making  a reasonable  estimate  of  the  permanent-deformation  configuration  in  order  to  compare 
with  the  measured  configuration. 

2-D  Beam  Response  to  Steel-Sphere  Impact 

In  order  to  obtain  appropriate  and  detailed  2-D  transient  structural  response  data 
under  well-defined  impact  conditions  so  that  a definitive  evaluation  could  be  made  of  the 
adequacy  of  the  approximate  collision-interaction  analysis  employed  in  the  CIVM  scheme, 


some  simple  experiments  have  been  conducted  at  the  MIT-ASRL.  Beams  of  6061-T651  aluminum 
with  nominal  8-in  span,  1.5-in  width,  and  0.10-in  thickness  and  with  both  ends  ideally 
clamped  (see  Fig.  30)  have  each  been  subjected  to  midspan  perpendicular  impact  by  a 
solid  steel  sphere  of  one-inch  diameter  (26).  Impact  velocities  ranged  from  those  suf- 
ficient to  produce  small  permanent  deflection  to  those  needed  for  threshold  rupture  of 
the  beam.  Spanwise-oriented  strain  gages  were  applied  to  both  the  upper  and  the  lower 
(impacted)  surface  of  the  beam  at  various  spanwise  locations.  In  each  test,  transient 
strain  measurements  were  attempted  for  8 of  the  gages;  after  each  test,  permanent  strain 
readings  were  obtained  for  all  surviving  gages.  Also,  permanent  deflection  measurements 
were  made. 

An  inspection  of  each  specimen  indicates  that  except  near  the  point  of  impact  itself 
(i.e.,  where  x > 0.8-in;and  near  the  clamped  ends,  the  beam  underwent  essentially  2-D 
deflection  behavior;  pronounced  3-D  behavior  occurs  near  the  point  of  initial  impact.  Hence, 
the  2-D  structural  response  code  (CIVM-JET  4B)  may  be  expected  to  provide  valid  comparisons 
for  0.8  < x < 3.7  in.  Accordingly,  such  calculations  and  comparisons  are  in  progress, 
and  some  preliminary  results  are  shown  next. 

For  the  test  and  specimen  identified  as  CB-18  in  Ref.  26,  the  entire  beam  has  been 
modeled  with  43  equal-length  cubic-cubic  finite  elements.  The  beam  material  has  been 
modeled  as  having  either  elastic,  strain-hardening  (El.-SH)  or  EL-SH-SR  behavior  where  the 
uniaxial  static  stress-strain  curve  has  been  approximated  by  the  o,t  pairs:  o,c  = 41,000 
psi,  .0041;  45,000  psi,  .0012;  and  53,000  psi,  .1000.  For  the  EL-SH-SR  conditions, 

0 ■ 6500  sec-*  and  p = 4 have  been  assumed.  For  CB-18  initial  steel-sphere  impact  occurred 
at  a velocity  of  2794  in/sec;  a state  of  large  permanent  deflection  was  produced. 

Shown  in  Fig.  31  are  predicted  and  measured  strains  at  spanwise  station  x = 1.50  in 
from  the  midspan  impact  point.  At  this  2-D  structural  response  location,  there  is  fairly 
reasonable  agreement  between  predicted  and  measured  strains.  Figure  32  shows  the  pre- 
dicted transient  vertical  displacement  response  at  x = 1.0  in  for  both  the  EL-SH  and  the 
EL-SH-SR  case.  From  these  and  longer-duration  plots,  the  estimated  respective  permanent 
deflection  is  0.63  and  0.58  in;  the  measured  value  is  0.60  in.  While  the  comparisons  shown 
here  indicate  encouraging  agreement,  more  extensive  calculations  and  comparisons  are  needed 
before  a firm  assessment  can  be  made  of  the  adequacy  of  the  procedure  embodied  in  the  CIVM- 
JET  4B  computer  code  [38). 

Note  that  the  CIVM-JET  4B  computer  code  deals  with  the  impact-induced  2-D  responses  of 
single-layer  structures  from  idealized  rigid  fragments.  A similar  computer  code  CIVM- 
JET  5B  [42)  can  be  applied  to  multilayer  hard-bonded  2-D  Bernoulli-Euler  structures. 

Simple  3-D  Structural  Response  Studies 

Of  concern  here  are  situations  in  which  the  fragment -impacted  structure  undergoes 
pronounced  3-D  rather  than  2-D  deformation.  Appropriate  methods  of  structural  response 
analysis  and  corresponding  well-defined  experimental  transient  structural  response  data 
which  will  serve  to  permit  making  a clear  evaluation  of  the  adequacy  and/or  accuracy  of 
proposed  prediction  schemes  are  needed.  Some  contributions  to  this  process  are  described 
here . 


Although  structural  response  analyses  for  fragment  impact  against  initially-curved 
as  well  as  initialiy-f lat  target  structures  are  of  interest,  it  is  useful  to  minimize  the 
complexities  while  checking  the  adequacy  of  the  basic  building  blocks  in  the  analysis  pro- 
cess. Hence,  attention  has  centered  on  impulse  and  impact  experiments  and  theoretical 
analysis  of  ini tially-flat  structures.  Experiments  involving  steel-sphere  impact  against 
(1)  narrow-plate  (or  beam)  specimens  [26]  as  well  as  (2)  square  unifcrm-thickness  panels 
with  four  clamped  edges  and  (3)  panels  of  type  (2)  but  with  integrally-machined  stiffeners 
of  rectangular  cross-section  (27)  have  been  conducted;  all  of  these  panels  consisted  of 
6061-T651  aluminum. 

Similarly,  Gerstle  [42)  reports  measurements  of  the  responses  of  initially-f lat  rec- 
tangular panels  of  Kevlar  49  with  thin  steel  facing  sheets,  which  were  subjected  to  impact 
by  a 1-in  non-rotating  steel  cube  with  an  incidence  angle  of  60  degrees  with  respect  to 
the  plane  of  the  shield.  Gerstle  has  employed  essentially  a CIVM-type  impact-interaction 
scheme  in  conjunction  with  the  PETROS  3 spatial  finite-difference  analysis  and  code  of 
Ref.  44  to  form  a converted  code  called  EBCAP  [45].  Comparisons  of  EBCAP  predictions  with 
the  Boeing  measurements  are  discussed  in  Ref.  42.  Incidentally,  there  are  a number  of 
other  spatial  finite-difference  codes  similar  to  PETROS  3 which  have  extended  capabilities, 
and  which  could  be  adapted  similarly  to  f ragment-impact-induced  structural  response  pre- 
dictions. Such  codes  include,  for  example,  REPSIL  [45],  PETROS  3.5  [47],  and  PETROS  4 
[48]  . 

Finite-element  analyses  have  also  been  developed  to  predict  the  large-deflection 
elastic-plastic  transient  responses  of  plates  and  shells  to  prescribed  transient  or  impulse 
loads.  An  example  of  this  type  of  analysis  is  reported  in  Ref.  49.  This  finite-element 
analysis  has  been  adapted  to  produce  the  computer  programs  PLATE  and  CIVM-PLATE  for  pre- 
dicting the  structural  responses  of  initially-f lat  panels  to,  respectively,  prescribed  im- 
pulse loading  or  rigid-fragment  impact  [50].  Studies  are  currently  in  progress  to  assess 
the  accuracy  and  reliability  of  the  code  predictions  when  applied  to  analyzing  (1)  the 
responses  of  the  Ref.  27  explosively-impulsed  aluminum  panels  and  (2)  the  responses  of  the 
Ref.  26  aluminum  beams  and  the  Ref.  27  aluminum  panels  subjected  to  steel-sphere  impact. 

Chosen  here  for  convenient  illustration  are  preliminary  CIVM-PLATE  predictions  of  the 
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response  of  steel-sphere-impacted  narrow-plate  (or  beam)  specimen  CB-18  of  Ref.  26;  the 
initial  impact  velocity  of  the  one-inch  diameter  steel  sphere  which  impacted  along  the 
normal  to  the  surface  was  2794  in/sec.  For  computational  thrift,  only  one  quarter  of 
the  specimen  was  modeled  (see  Fig.  30)  --  by  a 2 by  11  mesh  of  flat  plate  elements 
having  6 degrees  of  freedom  per  node,  with  symmetry  conditions  imposed  along  x = 0 and 
y * 0;  this  finite  element  mesh  is  shown  in  Fig.  33.  Initial  impact  was  assumed  to 
occur  at  (x,y)  = (0,0)  whereas  it  actually  occurred  at  about  0.06  in  from  this  location. 

Figure  34  demonstrates  that  this  3-D  structural  response  model  exhibits  3-D  deflection 
predictions  --  vertical  displacements  predicted  along  y = 0 (the  centerline),  y = 0.375  in, 
and  y * 0.75  in  as  a function  of  spanwise  location  x are  shown  at  ‘>00  microseconds  after 
initial  impact.  The  anticipated  larger  displacement  is  seen  to  occur  along  y = 0,  with 
decreasing  displacements  (at  given  x-locations)  at  positions  more  remote  from  the  center 
of  impact.  Figure  35  shows  the  predicted  vertical  transient  deflection  of  the  center  of 
the  plate  (x,y)  = (0,0)  and  the  observed  permanent  deflection  at  this  location;  reasonable 
agreement  is  evident.  Finally,  it  is  of  perhaps  even  of  more  interest  to  examine  the  pre- 
dicted and  measured  longitudinal  strains  at  various  spanwise  stations  on  the  upper  surface 
of  narrow-plate  (or  beam)  specimen  CB-18;  these  comparisons  are  discussed  in  the  next  para- 
graph. 

First,  however,  it  should  be  noted  that  an  examination  of  the  actual  test  specimen 
shows  that  pronounced  3-D  deformations  occur  near  the  point  of  initial  impact  (i.e.,  for 
0 <_  | x | 0.8  in)  and  perhaps  also  near  each  clamped  end;  elsewhere,  however,  the  speci- 

men seems  to  have  exhibited  2-D  response  behavior.  Shown  in  parts  a,b,c,  and  d,  respec- 
tively, of  Fig.  36  are  the  CIVM-PLATE  predictions  and  the  measurement  of  extensional 
upper-surface  strain  along  y = 0 at  stations  x = 0,  0.6,  1.2,  and  3.7  in.  Shown  also  are 
the  CIVM-JET  4B  2-D  beam  response  predictions,  and  the  measured  permanent  strains.  Here 
one  expects  to  and  does  find  reasonable  agreement  between  both  of  these  predictions  and 
transient  strain  measurements  at  "2-D  station"  x = 1.2  in,  but  these  two  predictions  ate 
expected  to  show  greater  differences  between  them  at  stations  x = 0,  0.6,  and  x = 3.70  in. 

At  x = 0,  these  predictions  do  exhibit  very  distinct  differences  between  them;  unfortu- 
nately, no  measured  transient  strain  data  are  available  at  x = 0. 

Next,  it  should  be  noted  that  the  computer  codes  CIVM-JET  4B  and  CIVM-I’LATE  as  imple- 
mented apply  to  large  deflections,  but  the  strains  must  be  small.  Recently,  this  small- 
strain  restriction  has  been  alleviated  (51)  in  a modified  version  of  the  CIVM-JET  4B  2-D 
structural  response  code,  the  resulting  transient  upper-surface  longitudinal  Lagrangian 
strain-tensor  predictions  are  also  shown  in  Figs.  36a,  36b,  36c,  and  36d.  It  is  seen  that 
the  proper  accounting  for  large  strain  behavior  results  in  significantly  different  transi- 
ent strain  predictions  at  stations  x = 0 and  3.70  in  from  the  former  "small  strain  pre- 
dictions" but  lesser  differences  are  seen  at  stations  x = 0.6  and  x = 1.2  in.  Note  that 
station  3. 70- in  is  very  close  to  the  clamped  end  (x  = 4.00  in)  where  very  large  strains 
occur  therev  and  the  consequences  are  felt  at  station  3.70  in  as  well.  Also,  it  appears 
that  the  "large  strain  prediction"  should  result  in  better  agreement  with  the  measured 
permanent  strains. 

Finally,  the  importance  of  including  large  strain  behavior  in  analyses  and  computer 
codes  for  predicting  the  large-deflection,  large-strain  responses  of  ductile  metal  struc- 
tures has  long  been  recognized.  Proper  large  strain  static  formulations  for  such  prob- 
lems are  reported,  for  example,  by  Osias  152],  Needleinan  (53]  , and  McMeeking  and  Rice  |54]. 

They  show  comparisons  between  predictions  and  experiments  involving  the  static  load- 
deflection  behavior  of  a narrow  strip  or  notched  thin  panels  subjected  to  ; fnsile  loads. 
Considerable  thickness  changes  and  necking  occur,  and  predictions  compare  favorably  with 
experiments;  although  clearly  large  strains  must  have  occurred,  no  direct  strain  compari- 
sons are  shown. 

A transient, dynamic,  plane  strain  or  axisymmetric  large-strain  computer  program  called 
HONDO  has  been  developed  by  Key  (54).  An  extension  of  HONDO  to  analyze  the  large-strain 
dynamic  responses  of  3-D  solids  has  led  to  the  WULFF  code  reported  by  Biffle  and  Gubbels 
[56].  Only  recently,  however,  have  both  transient  response  predictions  (by  HONDO)  and 
measurements  been  reported  for  truly  large  strains  [57]  --  many  earlier  examples  by  other 
authors  involved  peak  strain  levels  typically  less  than  about  4-6  per  cent.  Further  such 
theoretical-experimental  comparisons  are  needed. 

SUMMARY  COMMENTS 

A brief  review  has  been  given  of  collected  data  on  the  occurrence  and  types  of  com- 
mercial aircraft  engine-rotor  fragments,  especially  the  uncontained  fragments.  The  gui- 
dance of  the  FAA  and  the  UK-CAA  together  with  the  efforts  of  the  engine  designers,  air- 
craft designers,  and  airline  operators/maintenance  personnel  has  resulted  in  a remark- 
ably good  safety  record  with  regard  to  the  engine-rotor  fragment  containment/control  prob- 
lem. However,  engine  rotor  failures  persist  at  a nearly  constant  rate,  and  continued 
vigilant  effort  is  required  to  cope  properly  with  this  problem. 

Some  experimental  studies  carried  out  to  investigate  the  impact- interaction  of  both 
complex  engine  rotor  fragments  and  simple  fragments  with  various  types  of  single-layer 
and  multilayer  containment  structures  were  reviewed.  The  resulting  data  have  been  used 
(a)  to  develop  empirical  design  rules  and  (b)  to  evaluate  proposed  theoretical  methods 
for  predicting  the  impact-induced  responses  of  containment  structures.  Examples  of  typi- 
cal numerical  methods  for  predicting  the  large-deflection,  elastic-plastic  transient 
<'cructural  responses  of  simple  2-D  and  3-D  containment  shields  (rings,  panels,  etc.)  were 
illustrated.  For  ductile  shield  materials,  the  proper  accounting  for  large  strains  is  an 
important  ingredient  since  threshold  containment  conditions  involve  large  strains; 




pci t incut  well-defined  experimental  transient  response  data  and  t heoret leal -exper imont al 
correlation  studies  are  needed  to  permit  evaluating  the  reliabilities  of  theoretical 
prediction  methods  to  analyse  impact- induced  containment  threshold  conditions.  exten- 
sions ot  these  engineering  type  theoietical  piedlction  capabilities  would  be  useful  to 
analyse  the  impact  - induced  transient  structuial  responses  ot  proposed  lightweight  multi 
layet , mul t imater lal  containment  shield  designs. 
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TABU  1 

DATA  CHARACTERIZING  NAPTC  RING  TEST  91 


Ring  Data  Test  91 


Outside  Diameter  (In)  17.(19 

Radial  Thickness  (in)  0.192 

Axial  Length  (in)  1.90( 

Material  2024-T4 

Elastic  Modulus  E (pai)  io7 

PP  Yield  Stress  o (pel)  90,000 


fragment  Data 


Type 

Material 

Outer  Radius  (in) 

Fragment  Centroid  Iron  Center  ol 
Rotation  (in) 

Fragment  Tip  Clearance  from  Ring  (in) 
Fragment  Langth  (in) 

Fragment  Length  from  CG  to  Tip  (in) 

Fragment  Weight  (lb*) 

Fragment  Moment  of  Inertia  about  ite 
CC  (in  lb  sec2) 

Failure  Speed  <RJ>M) 

Fragment  Tip  Velocity  (ips) 

Fragment  Centroidal  Velocity  (ips) 

Fragment  Initial  Angular  Velocity  (rad/sec) 
Fragment  Translation  KE  (in  lb) 

FragsMnt  Rotational  RE  (in  lb) 


T-9t  Single  Blade 
SEL-19 
7.0 


4. (12 

I. (9* 

3.9 

2.1(1 

0.0(4 

2.1(3xl0-4 

19,(44.4 

II, 4(7. 

7, ((4. 

1.638.3 
4,756. 

290.3 
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FIG.  20  COMPARISON  OF  CIVM  PREDICTIONS  WITH  EXPERIMENT 
AT  (10  MICROSECONDS  AFTER  INITIAL  IMPACT  FOR 
THE  FREE  CIRCULAR  RING  SUBJECTED  TO  SINGLE- 
BLADE IMPACT  IN  NAPTC  TEST  91 
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PIG.  25  GEOMETRIC,  TEST,  AND  MODELING  DATA  FOR  THE  4130  STEEL  CONTAINMENT 
RING  SUBJECTED  TO  TRI-HUB  T58  ROTOR  BURST  IN  NAPTC  TEST  201 


IGMSi 


ft!  <0  It  /« 


no.  U TREDXCTED  DEFORMED  ring  configuration  at  1000  MICROSECONDS 

AFTER  INITIAL  INTACT  FOR  THE  MAFTC  TEST  201  CONTAINMENT  RING 
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FIG.  27  PREDICTED  TRANSIENT  STRAIN  ON  THE  NAPTC  TEST  201  CONTAINMENT  RING 
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ric.  28  COMPARISON  Or  PREDICTED  DEFORMED  RING  CONFIGURATIONS  AT  1200 
MICROSECONDS  AFTER  INITIAL  IMPACT  FOR  u - 0 AND  u - 0.3  WITH 
rg  - 2.555  IN  FOR  THE  NAPTC  TEST  201  CONTAINMENT  RING 
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FIG.  29  COMPARISON  OF  PREDICTED  DEFORMED  RING  CONFIGURATIONS  AT  1200 
MICROSECONDS  AFTER  INITIAL  IMPACT  FOR  TWO  DIFFERENT  FRACMENT 
SIZE  MODELINGS  AND  FRICTIONLESS  IMPACT  CONDITIONS  FOR  THE 
NAPTC  TEST  201  CONTAINMENT  RING 
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DISCUSSION 

C.C.Chamis.  US 

( 1 ) What  were  (he  initial  and  boundary  conditions  on  the  containment  ring  for  the  single-blade  impact  analysis? 

<->  How  was  the  impact  force  or  exchange  of  momentum  varying  or  established  as  a function  of  time? 

(3)  How  were  the  strain  rate  and  strain  hardening  parameters  of  the  ring  selected?  What  were  the  values  used? 

Author's  Reply 

( 1 ) The  containment  ring  was  a free  ring  initially  at  rest  and  was  permitted  to  undergo  2-d  displacements  in  the 
plane  of  the  ring.  The  single  blade  had  known  dimensions,  mass,  pre-impact  mass  moment  of  inertia  about  its 
center  ot  gravity . as  well  as  a known  pre-impact  CG  translational  velocity  and  rotational  velocity. 

( 21  In  one  analysis  the  force  applied  to  the  blade  by  the  ring  (and  vice  versa!  during  blade/ring  contact  was 

estimated  by  an  assumed-mode  energy  method  described  in  Reference  40  and  called  the  collision-force  method 
(CFM).  In  another  analysis  called  the  collision-imparted  velocity  method  (C1VM),  at  each  of  a sequence  of 
impacts,  impulse/momentum  relations  were  used  to  estimate  the  velocity  imparted  to  a small  (“impact- 
affected")  region  of  the  ring  on  either  side  of  the  circumferential  station  of  ring/fragment  impact,  as  well  as 
the  attendenl  decrement  of  fragment  velocity;  this  procedure  is  discussed  in  detail  in  References  3S  and  38. 

The  equations  of  motion  for  both  the  ring  and  the  fragment  am  solved  in  a timewise  step-by-step  fashion  in 
small  increments  At  in  time. 

(3)  For  the  ring/blade  illustrative  example  shown,  the  ring  consisted  of  2024-14  aluminum  alloy.  Uniaxial  static 
stress-strain  data  for  this  material  were  fitted  to  approximate  the  behavior  as  elastic,  perfectly-plastic  (EL-PP) 
with  o0  = 50,000  psi;  for  this  material  and  temper,  that  is  a good  approximation  since  this  material  exhibits 
very  little  strain  hardening.  However,  strain  hardening  can  be  taken  into  account  readily;  this  has  been  done 
for  many  other  cases  where  appropriate.  Strain  rate  effects  were  taken  into  account  approximately  by  using 
the  Cowper-Symonds  relation  to  estimate  the  strain-rate-dependent  yield  stress  Oy  (for  time-independent 
plasticity)  from  a knowledge  of  the  static  yield  stress  oa  of  FL-PP  material  as  described  in  the  paper;  values 
used  for  the  strain  rate  constants  I)  and  p are  also  indicated. 

M.Aames,  US 

If  you  were  to  disk-proof  one  of  our  high  bypass  engines  like  theCFb,  the  RB21 1,  or  the  )TOD,  have  you  made  any 

calculations  as  to  the  weight  required  to  do  such? 

Author's  Reply 

The  answer  is  no.  However,  each  engine  manufacturer  has  considered  this  matter  and  may  be  willing  to  share  its 

estimate  with  you. 


D.K.Hennecke,  F'RG 

Figure  3b  suggests  that  the  number  of  compressor  disk  failures  decreases  while  that  of  the  turbines  increases.  Is  that 
just  an  oddity  of  the  statistics  or  a real  tendency?  If  it  is  a tendency,  is  it  the  result  of  increasing  turbine  inlet 
temperature? 

Author’s  Reply 

The  cited  information  is  from  Reference  2 and  represents  the  results  from  a significant  data  base.  Hence,  the  trend 
appears  to  be  real,  and  may  be  associated  with  increasing  turbine  inlet  temperatures.  For  more  detailed  information 
on  this  matter,  I recommend  References  2 and  4. 
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PETITES  TURBOMACHINES  : 

EXPERIENCES  SUR  LA  RUPTURE  DES  BISQUES 
PAR  J.H.  FOUE ILLASSAR  ft 
A.R.  VON  DER  NUHIL 


RESUME 

Sur  des  Turbomachines  de  petites  dimensions  tout  au  moins, la  construction  de  bl indages capables  de 
retenir  integralement  tous  les  dAbris  en  cas  de  rupture  de  disques  semble  realisable  avec  une  pAnalitA  de 
masse  trAs  acceptable. 

L'expArience  d'incidents  survenus  dans  la  pratique  et  surtout  Sexploitation  d'essais  systAmatiques 
de  ruptures  de  disques  dans  des  conditions  rAelles  de  fonct ionnement  apporte  des  enseignements  utiles  : 

- forme  et  dimensions  des  elements  les  plus  penetrants  ; 

- formes  et  dispositions  les  plus  efficaces  A donner  aux  elements  servant  de  blindage  ; 

- materiaux  les  mieux  adaptes  A I'emploi  comme  blindage. 

Pour  des  rotors  dont  la  securite  repose  sur  le  fait  que  les  aubages  s'arrachent  sans  rupture  du 
disque  ou  du  tambour  proprement  dit  en  cas  de  defaillance  par  survitesse,  les  essais  ont  egalement  confir- 
me  la  confiance  qu'on  pouvait  avoir  dans  les  elements  de  blindage  construits  selon  les  memes  principes 
d'evaluation. 


1.  EXPOSE  OES  MOTIFS 

L'experience  acquise  avec  des  turbomachines  d'aviation  de  dimensions  rAduites  et  moyennes  fait  ap- 
paraitre  qu'il  est  sans  doute  plus  facile,  pour  celles-ci  que  pour  des  machines  plus  grandes,  de  prAvoir 
une  construction  capable  de  contenir  integralement  les  debris  en  cas  de  rupture  de  disque. 

La  penalite  en  masse,  liAe  A un  tel  blindage  efficace  est  - tout  au  moins  pour  ces  petites  turbo- 
machines  - d'un  ordre  de  grandeur  raisonnable. 

C'est  pourquoi  il  a semble  utile  de  rAsumer  les  experiences  acquises  A ce  sujet  sur  des  moteurs 
construits  par  TURBOMECA. 

Outre  les  enseignementts  pratiques  recueillis  avec  des  ruptures  des  disques  proprement  dits,  nous 
donnerons  aussi  quelques  exemples  de  blindages  construits  pour  retenir  des  pales  rapportAes. 

Certains  des  essais  relates  concernent  des  pales  de  fan  ou  compresseurs  d'entrAe  de  turborAacteurs 
A double  - f lux.D' autres  essais  ont  portA  sur  la  retenue  de  pales  de  roues  pour  lesquelles  la  sAcuritA  est 
basAe  sur  le  fait  que  les  pales  s'arrachent  sans  rupture  du  disque  en  cas  de  survitesse  accidentel le.  Le 
blindage  doit,  dans  un  tel  cas,etre  concu  pour  contenir  tous  les  debris  des  pales. 

Toutes  ces  experiences  fournissent  I'occasion  d'esquisser  briAvement  les  mAthodes  et  les  procAdAs 
mis  au  point  pour  assurer  que  les  dAgats  restent  contenus  dans  le  moteur  et  ne  mettent  pas  en  danger  I'aA- 
ronef  sur  lequel  il  est  montA. 

2.  HISTORIQUE 

2.1  GAnAralitAs 

L'expArience  sur  laquelle  nous  nous  basons  est  en  partie  dAjA  ancienne,  puisqu'il  y a trente  ans  que 
TURBOMECA  livre  en  sArie  de  petites  turbomachines  d'aviation. 

La  rupture  d'un  disque  de  rotor,  par  son  caractAre  soudain  et  par  la  gravitA  des  consequences  qu'elle 
peut  entralner,  constituait  un  vrai  cauchemar  pour  le  constructeur. 

A cette  Apoque,  rappelons-le,  les  mAthodes  de  calcul  des  durAes  de  vie  des  elements  essentiels  des  mo- 
teurs et  les  notions  de  fatigue  oligocyclique  ("low  cycle  fatigue")  en  Ateient  encore  A leurs  debuts.  Il 
y a a peine  dix  ans  que  ces  conceptions  sont  entrees,  pour  la  premiere  fois,  dans  les  textes  des  RAgle- 
ments  de  NavigabilitA.  Il  n'est  done  pas  Atonnant  que  des  AvAnements  dAsastreux  comme  une  rupture  de  dis- 
que aient  AtA  en  ce  temps-lA  couverts  par  la  plus  extreme  discretion.  Des  informations  sur  les  circonstan- 
ces,  les  effets  et  les  causes  de  ruptures  de  disques  ont  longtemps  AtA  traitAes  de  maniAre  absolument  con- 
fidentielle.  Il  Atait  alors  pratiquement  impossible  de  savoir  A quoi  s'en  tenir  au  point  de  vue  technique. 

A titre  anecdotique,  nous  nous  souvenons  avoir  entendu  en  1970,  le  responsable  technique  d'un  grand 
constructeur  de  turbines  d'aviation  affirmer  qu'aucune  rupture  de  disque  non  contenue  n'avait  AtA  rencon- 
trAe  sur  des  moteurs  de  sa  marque.  Ceci,  au  moment  meme  ou  les  AutoritAs  de  NavigabilitA,  qui  avaient 
commencA  A s'occuper  sArieusement  de  ce  problAme,  publiaient  les  premiAres  statistiques  sur  les  consAquen- 
ces  des  Aclatements  de  disques  en  vol.  Or  ces  statistiques  incluaient  plusieurs  avions  AquipAs  de  moteurs 
de  la  marque  en  question.... 

Un  constructeur  de  moteurs  qui  rencontre  des  incidents  graves  d'intAgritA  de  disques  n'a  pas  intArAt  - 
pour  des  raisons  commerciales  Avidentes  et  pour  le  bon  renom  de  sa  marque  - A le  crier  sur  les  toits. 

Mais  au  niveau  technique  un  tel  AvAnement  apporte  des  enseignements  dont  il  faut  tirer  parti,  pour  amAlio- 
rer  la  fiabilitA  du  matAriel  A I'avenir.  L'esprit  avec  lequel  ces  problAmes  sont  dAsormais  envisagAs  a 
heureusement  AvoluA  depuis  le  temps  auquel  nous  nous  sommes  reportAs.  Peut-Atre  tout  simplement,  parce  que 
les  constructeurs  se  sont  apercus  que  leurs  concurrents  rencontraient  des  problAmes  de  meme  nature  ? En 
tous  cas  l' intArAt  du  progrAs  technique  semble  avoir,  dAsormais,  pris  le  pas  sur  le  secret  individuel. 

2.2  Une  expArience  de  rupture  de  compresseur  centrifuge 

C'est  dans  cet  esprit  que  nous  relatons  maintenant  une  expArience  vieille  de  plus  de  vingt  ans.  Lors 
d'un  essai  d'endurance  au  banc  d'un  turbomoteur  d'hAlicoptAre  du  type  ARTOUSTE  II,  un  cas  de  rupture  de  ro- 
tor de  compresseur  centrifuge  en  alliage  d'aluminium  forgA  a AtA  rencontrA  (Juillet  1957). 
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Cons i Je re  d'abord  comme  un  cas  d'espece  et  attribue  aux  conditions  particulie- 
res  de  I'essai,  ce  type  de  rupture  a AtA  analyse  plus  A tond  quelques  annAes  plus  tard,  lorsque  des  cas 
sembtables  sont  survenus  A nouveau,  mais  cette  fois  sur  des  moteurs  en  service  de  vol  sur  helicoptere.  line 
■edification  de  la  construction  de  ce  compresseur  a Avit A,  par  la  suite,  la  recidive  de  ruptures  de  ce 
type,  ttuant  aux  rouets  de  compresseurs  centrifuges  conformes  au  dessin  d'origine,  leur  emploi  a AtA  limi- 
ts en  durAe  de  service  et  en  nombre  de  cycles  par  une  consigne  de  navigability,  en  attendant  leur  rempla- 
cement,  lors  d'une  revision,  par  des  rotors  du  nouveau  module. 

Ces  Avenements  avaient  constituA  pour  TURBOMECA  un  premier  contact  avec  la  reality  asser  dure  des 
de  li«ite  de  vie  des  AlAments  essentiels  et  avec  les  mesures  de  sAcuritA  A prendre  sur  du  matAriel  en 
service  en  syrie,  pour  assurer  la  poursuite  des  vols.  Mais  ces  incidents  avaient  fourni  un  enseignement 
utile  : malgre  l ' importance  des  dAgats  causys  au  moteur,  par  la  rupture  compiyte  du  rouet,  en  trois  seg- 
ments A 120°,  les  dybris  ont  tou,ours  yty  integralement  contenus  par  les  carters.  Le  travail  de  dAforma- 
tion,  fourni  par  les  diffuseurs,  ies  brides  de  liaisons  et  les  carters  situAs  dans  le  plan  radial  autour 
du  rotor,  suffisait  pour  contenir  les  debris.  De  sorte  que  la  rupture  du  disque  Atait  certes  un  incident 
grave  mais  ne  tournait  pas  A la  catastrophe.  (Figures  1 et  2). 

2.3  Ruptures  de  disques  de  turbines  monoblocs 

D'autres  experiences,  plus  traumatisantes  ont  AtA  enregistrees  vers  1970.  Des  ruptures  de  disques 
de  turbines  ont  dAmontrA  que  I'Anergie  des  dybris  etait  superieure  au  travail  absorby  par  les  carters  en- 

vironnants.  Des  morceaux  de  disques,  projetys  A I'extArieur  du  moteur,  pouvaient  etre  (et  font  AtA  dans 

un  cas  particulier)  a I'origine  d'accidents  graves  pour  les  aeronefs  AquipAs  du  modele  en  question  de 
turbopropulseur. 

Ces  incidents  ont  yty  ressentis  de  maniAre  d'autant  plus  penible  par  le  const ructeur,  que  telui-ci 

commengait  A ce  moment  A se  pryoccuper  syrieusement  des  problAmes  de  limite  de  vie  en  fatigue  des  roues 

de  turbine.  Des  essais  prolongAs  de  moteurs  complets  en  endurance  cyclique  semblaient  avoir  justifiA  des 
valeurs  de  vie  cyclique  bien  supyrieures  aux  nombre  de  cycles  accumuiy  par  les  oisques  dyfaillants. 

Le  doute  a AtA  jetA  tout  d'abord  sur  la  representat ivi te  des  essais  en  cycles  thermiques  au  banc 
d'essai.  Mais  la  vraie  raison  des  defaillances  a ety  trouvee  avec  plus  de  vraisemblance  dans  le  manque 
d'homogeneity  de  la  structure  des  matiAres  utilisees  alors  pour  les  roues  de  turbine.  La  dispersion  des 
caractyristiques  du  matyriau  constituait  un  risque  qui  avait  ete  sous  - estime.  Dans  les  dix  derniAres 
annees,  la  connaissance  des  caractyristiques  des  matyriaux  A utiliser  a fait  d'enormes  progrAs.  En  meme 
temps,  les  mythodes  de  contrdle  mAtal lurgique  se  sont  ameliorees  et  affinees  de  telle  maniere  que  des  ga- 
lets  de  matiAre  prysentant  des  plages  non  homogAnes  ne  sont  plus  admis  en  fabrication. 

Les  AvAnements  auxquels  nous  faisons  allusion  ont  enseignA,  tout  d’abord,  que  le  fragment  de  dis- 
que avec  pales  qui  avait  la  plus  grande  force  de  pAnAt rat ion,presentai t un  angle  au  centre  d’environ  114°. 
On  retrouve  la  notion  de  1/3  de  disque,  considAre  depuis  toujours  comme  typique.  Cela, malgre  la  prAsence 
dans  le  disque  des  4 trous  pour  les  tirants  ou  vis  d'assemblage  des  divers  Atages  de  turbines,  dans  ce 
cas  particulier  (Figures  3 et  4) 

A la  suite  des  incidents  enregistrAs,  au  banc  d'essai  et  en  vol,  TURBOMECA  a entrepris  une  campagne 
d'essais  sans  prAcAdent  pour  mettre  au  point  un  bouctier  de  blindage  de  turbine  efficace.  A partir  du  mo- 
dAle  de  rupture  de  disque  dyfini  ci-dessus,  des  essais  d'Aclatement  en  vraie  grandeur  ont  AtA  effectuAs  au 
banc  sur  des  moteurs  complets,  dans  les  conditions  reel les  de  vitesse  de  rotation  et  de  temperature  de  la 
puissance  maximale.  Cette  campagne  reprAsente  sans  doute  le  plus  grand  effort  jamais  consenti  dans  ce  do- 
maine  par  un  constructeur  de  moteurs.  II  faut  en  convenir,  les  faibles  dimensions  de  l 'ASTAZOU  ont  permis 
de  pousser  les  essais  A fond,  ce  qui  n'aurait  sans  doute  pas  Ate  possible  avec  des  moteurs  plus  grands. 

Notre  campagne  a conduit,  pour  maitriser  le  problAme  A sacrifier,  par  destruction  partielte  ou  to- 
tale,  pas  moins  de  10  machines.  Huit,  dans  une  premiAre  phase,  pour  acquArir  une  definition  appropriee  du 
blindage  de  turbine.  Deux  autres  essais  - pousses  Agalement  jusqu'A  Aclatement  du  disque  de  turbine  - ont 
AtA  faits  ensuite  pour  confirmer  la  bonne  tenue  du  blindage  ainsi  dyfini.  (Figure  5). 

Nous  nous  sommes  un  peu  Atendus  sur  cette  campagne  systAmatique  d'essais,  car  elle  a fourni  les  ba- 
ses de  nos  connaissances  pratiques.  Dans  ce  domaine,  en  effet,  la  littArature  etait  - surtout  A I'Apoque 
considArAe,  extremement  maigre. 

De  cette  facon  nous  avons  pu  dAterminer  : 

- Les  formes  A donner  au  blindage  pour  lui  assurer  la  meilleure  rAsistance  radiale  A l 'Aclatement  et  aussi 
pour  empAcher  les  dybris  de  s'Achapper  axialement 

- Le  choix  de  la  meilleure  matiAre  A utiliser  pour  un  blindage  de  turbine. 

Nous  reviendrons  tout  A I'heure,  avec  une  analyse  plus  detaillAe  des  rAsultats  de  cette  sArie  d'es- 
sais, sur  le  problAme  de  la  continence  des  dAbris  de  disoues  de  turbines  monoblocs.  II  Atait  nAcessaire  de 
montrer,  pour  commencer,  pourquoi  ce  problAme  Atait  fobjet  des  prAoccupations  du  constructeur  et  de  citer 
les  moyens  mis  en  oeuvre  A I'Apoque  pour  fournir  une  solution  appropriAe. 

2.4  Ruptures  de  pales  de  fan 

Contenir  I'Aclatement  de  pales  de  soufflante  sur  des  moteurs  A grand  rapport  de  dilution  est  un 
autre  problAme  que  TURBOMECA  a eu  l 'occasion  de  traiter  de  maniAre  pratique.  Sur  ce  genre  de  rotors, 
les  risques  de  rupture  de  pale  sont  de  deux  origines  diffArentes  : 

- D'une  part,  la  rupture  spontanAe  des  pales  par  suite  de  fatigue  vibratoire  A haute  frequence  ou  par  fati- 
gue digocyclique.  Dans  un  tel  cas,  les  cycles  de  fatigue  lente  ne  sont  pas  - comme  pour  les  disques  et 
pales  de  turbines  - des  cycles  thermiques,  mais  des  cycles  de  contraintes  dues  A la  variation  de  la  vi- 
tesse de  rotation  . 

- D'autre  part  la  rupture  des  pales  consAcutive  A l 'impact  de  corps  Atrangers  lourds  et  de  grandes  dimen- 
sions, tels  que  les  oiseaux  moyens  ou  les  gros  oiseaux. 

De  maniAre  gAnArale  on  peut  penser  que  les  techniques  de  calcul  et  d'essai  devraient  dAsormais  per- 
mettre  au  constructeur  de  se  prAminir  contre  les  ruptures  spontanAes  de  pales  par  fatigue.  Par  contre  - 
sauf  peut-etre  sur  de  trAs  gros  moteurs  - il  semble  bien  qu'aucune  structure  de  pale  de  fan  premier  Atage 
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n'est  en  mesure  de  risister  sans  rupture  4 I'impact  de  I'oiseau  lourd,  tel  que  le  prescrivent  les  regle- 
ments  de  navigability.  Or,  au  point  de  vue  de  la  continence  des  debris,  quelle  que  soit  I'origine  de  la 
rupture  de  pale,  le  probltnie  reste  le  meme.  II  est  meme  un  peu  plus  complique  dans  le  cas  des  ruptures 
provoquyes  par  I'impact  des  corps  ytrangers,  car  il  faut  contenir,  en  plus  de  la  ou  des  pales  cisailiyes 
par  I'impact,  la  masse  de  I'oiseau  lourd,  si  celui  * ci  n'a  pas  ety,  par  chanc#,ryduit  en  menus  fragments 
ou  en  bouillie  des  son  arrivee  dans  le  premier  ytage  tournant.  (Figure  6). 

De  nombreuses  experiences  instructives  sur  le  blindage  de  pales  de  fans  ont  ete  acquises  par  TURBO- 
MECA. Tout  particuliyrement  avec  les  moteurs  du  type  ASTAFAN,  turboreacteurs  4 double  flux  a tres  grand 
taux  de  dilution  tournant  4 vitesse  constante.  La  caractyristique  du  fan  avant,  entrainy  par  le  gynyra- 
teur  de  puissance  par  l ' intermediai re  d'un  ryducteur  de  vitesseest  d'itre  4 pas  variable.  Les  essais  d'in- 
gestion  de  corps  ytrangers  sur  cette  nouvelle  formule  de  fan  ont  yty  conduits  avec  une  grande  rigueur 
pour  en  dymontrer  la  bonne  tenue  ; on  peut  dire  sans  exagyrer  que  la  mythode  a parfaitement  justifie  les 
espyrances,  tant  selon  les  crityres  de  rysistance  aux  impacts  des  corps  ytrangers  que  selon  ceux  de  la 
continence,  des  dybris. 


i 


Des  expyriences  du  meme  ordre  ont  aussi  iti  recueillies  sur  plusieurs  autres  types  de  turboryac- 
teurs  4 double  flux  4 ctouble  corps  de  formule  classique,  tels  que  I'ADOUR  et  le  LARZAC 

dont  la  responsabi li ty  de  la  partie  compresseur  incombe  4 TURBOMECA.  En  rysume,  les  mythodes  mises  au 
point  pour  I'yvaluation  des  blindages  ont  permis  de  ryaliser  les  enveloppes  et  carters  de  ces  divers  mo- 
teurs  de  maniyre  4 maitriser  les  debris  des  ruptures  de  pales  de  fan. 

2.5  Ruptures  de  pales  rapportyes  de  turbines  libres 

Dans  certaines  constructions  de  turbines  4 pales  rapportyes,  la  sycurity  du  disque  en  cas  de  sur- 
vitesse  incontroiye,  repose  sur  le  fait  que  les  pales  s'arrachent  alors  de  leur  logement  sans  entrainer 
un  yclatement  du  disque.  to  be  shed  at  overspeed'') . Dans  les  moteurs  produits  par  TURBOMECA,  cette 

technique  trouve  son  application  pour  les  roues  de  turbines  libres  (ou  de  puissance)  des  turbomoteurs 
d'helicopteres  4 double  corps. 

Dans  ce  type  de  moteur,  le  niveau  de  survitesse  de  la  turbine  libre,  dans  le  cas  yventuel  de  cou- 
pure  instantanee  de  I’arbre  de  sortie  est  limity  par  l 1 intervent  ion  du  circuit  de  regulation  du  moteur, 
parfois  doubly  encore  par  un  dispositif  de  protection  de  survitesse, 4 une  valeur  qui  n'entraine  aucun 
danger  pour  I'intygrity  du  rotor. 

Toutefois,  les  ryglements  de  navigability  des  moteurs  et  des  hyi i coptyres,  les  exigences  imposyes 
pour  la  justification  de  I'integrite  des  rotors  en  survitesse,  ainsi  que  les  considyrations  dycoulant  de 
I’analyse  des  pannes  des  circuits,  obligent  finalement  4 tenir  compte  de  "doubles  pannes".  Dans  cette 
application  particuliyre,  on  doit  envisager  I'occurence  simultanee  de  deux  dyfaillances  : 

- rupture  instantanye  de  I'arbre  de  transmission  de  puissance  (en  un  point  quelconque  : accouplement 
flexible,  arbre  proprement  dit,  pignon  de  boite  de  transmission,  etc). 

- non  fonctionnement  du  circuit  de  regulation  (ou  du  dispositif  de  protection  de  survitesse). 

Cette  hypoth4se  de  dyfaillance  simultanye  de  deux  "circuits",  dont  on  peut  discuter  la  probability, 
conduit  4 des  valeurs  de  survitesse  tr4s  yiev4e  pour  la  roue  de  turbine.  En  effet,  au  moment  de  I'inci- 
dent,  on  peut  supposer  que  le  couple  moteur  de  la  pleine  puissance  s'exerce  sur  la  turbine,  dont  le  moment 
d'inertie  de  masse,  qui  s'oppose  4 l 'accyiyration  en  rotation,  est  tr4s  faible. 

Pour  explorer  ces  conditions  de  survitesse  de  roues  de  turbines  libres,  des  essais  avaient  yty 

effectuys  en  1964  dyj4  sur  un  moteur  du  type  TURMO  III  C3  (type  de  moteur  de  la  classe  1500  ch  yquipant 
l 'hyi icopt4re  trimoteur  SA  321  "SUPER-FRELON",)dont  la  turbine  libre  comporte  deux  ytages.  L'essai  avait 
yty  ryalisy  en  coupant  ryellement  I'arbre  de  sortie  de  puissance  4 I'aide  d'un  outil  de  tour,  dans  les 
conditions  de  la  puissance  maximale,  aprys  avoir  d4branchy  tous  les  dispositifs  de  regulation  et  de  limi- 
tation de  vitesse  de  la  turbine  libre.  La  survitesse  enregistr4e,  supyrieure  4 170%  a conduit  4 I'arra- 
chement  de  la  majority  des  pales  du  deuxiyme  ytage  de  turbine  et  4 des  dygats  considerables  dans  la  sec- 
tion de  la  turbine  libre.  Les  dybris  n'ont  pas  yt t integralement  contenus,  mais  il  n'y  a pas  eu  projection 
de  fragments  4 haute  ynergie.  Les  disques  de  turbine  sont  restys  intacts.  (Figure  8). 

Des  essais  analogues  ont  yty  realisys  plus  rycemment  sur  le  moteur  TURMO  IV  C,  du  modyie  yquipant 
l 'hyi icoptyre  bimoteur  SA  330  "PUMA",  ou  la  turbine  motrice  est  4 un  seul  ytage.  Bien  que  la  vitesse  de 
la  turbine  libre  ait  yty  poussye,  dans  ce  cas  4 164,5 % de  la  vitesse  nominate,  dans  les  conditions  de 
tempyrature  de  turbine  correspondante  au  fonctionnement  normal,  durant  5 mn,  aucune  rupture  de  disque, 
ni  de  pale,  ne  s'est  produite.  En  consyquence,  l'essai  n'a  pas  apporty  de  dymonstration  sur  le  point  par- 
ticular de  la  continence  des  dybris  yventuels. 

Toutefois  il  a prouvy  de  maniyre  suffisamment  yvidente  pour  etre  acceptee  par  les  Autoritys  de  Na- 
vigability, qu'une  dysintegration  de  la  roue  de  turbine  libre  par  suite  de  survitesse  ytait  d'une  probabi- 
lity extremement  lointaine,  meme  dans  le  cas  d'une  double  dyfaillance  des  circuits.  Une  expyrimentation 
jusqu'4  rupture  n'a  done  pas  yty  jug4e  nycessaire. 

Enfin,  sur  un  moteur  d'hyiicoptyre  4 turbine  libre  de  conception  rycente,  I'ARRIEL,  des  essais  jus- 
tifiant  la  continence  des  pales  en  cas  d'arrachement  par  survitesse  ont  yty  effectuys. 

Ces  essais  ont  dymontry  que  les  pales  ytaient  ef fectivement  "larguyes”  4 une  survitesse  de  156%  de 
la  vitesse  maximale  de  service,  conformyment  aux  calculs.  Ils  ont  prouve  aussi  que  I'anneau  de  blindage, 
conyu  pour  retenir  les  pales  dans  ce  cas,  ytait  ryellement  en  mesure  de  le  faire.  (Figure  9) 

3.  ANALYSE  DES  ESSAIS  DE  RUPTURE  DE  DISQUES  DE  TURBINES  MONOBLOCS 
3.1  Modyie  de  rupture 

La  technologie  usuelle  des  moteurs  TURBOMECA  "classiques"  comporte  un  assemblage  des  divers  yta- 
ges de  disques  de  turbine  par  denture  "curvic  coupling",  L'ensemble  ytant  serry  par  4 boulons  ou  tirants 
axiaux.  Cette  construction  conduit  en  cas  de  rupture  de  disque,  4 deux  fragments  principaux  faisant  4 peu 
pr4s  1/3  et  2/3  du  disque,  comme  indiquy  ci-dessus  (au  $ 2.3). 
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Sans  entrer  dans  le  detail, on  peut  decrire  le  processus  conduisant  a la  destruction  d'un  disque 
de  la  manitre  suivante  : 

Les  contraintes  thermiques  et  centrifuges  finissent  par  provoquer  des  criques  dans  la  jante  du 
du  disque,  entre  les  pales  et  £ proximite  de  celles-ci.  La  repetition  des  cycles  de  contraintes  cause  une 
propagation  des  criques,  dont  la  rapidite  depend  de  tris  nombreux  facteurs  dont  nous  citons  quelques-uns  : 

(1)  - dessin  du  disque,  de  sa  jante,  des  pales 

(2)  - caract eri st i ques  de  la  matiire,  (resistance  4 la  fatigue  en  fonction  des  contraintes  altern£es 

et  de  la  temperature,  Vitesse  de  propagation  des  entailles) 

(3)  - siv*rite  du  cycle  en  temperature  : contraintes  centrifuges  et  contraintes  thermiques. 

(4)  - repartition  des  temperatures  des  gaz  a la  sortie  de  la  chambre  de  combust  ion.  J usqu1 a une  epoque 
recente  encore,  certains  de  ces  facteurs  - en  particulier  la  caracter i sat  ion  de  la  matiere  au 
point  de  vue  de  la  propagation  des  criques  - etaient  loin  d'etre  parfaitement  connus. 

Des  essais  d'endurance  en  cycles  thermiques  et  dynamiques  avaient  pour  but  de  determiner  le  nom- 
bre  de  cycles  jusqu'4  I'apparition  des  premieres  criques  et  de  surveiller  ensuite  la  vitesse  de  propaga- 
tion de  celles-ci.  II  etait  ainsi  possible  d'etablir  une  vie  sure  pr6vue  en  cycles  au-dessous  de  laquelle 
une  desintegration  du  disque  etait  de  probabilite  extremement  lointaine.  La  vin  cyclique  de  service  auto- 
risee  etait  ensuite  fixee  4 une  valeur,  bien  inf6rieure  a celle  de  la  vie  sure  prevue  (divisee  par  un  fac- 
teur  de  2 4 4). 

De  plus,  pour  la  securite,  des  disques  presentant  dej4  des  criques  d'une  longueur  considerable 
avaient  ete  soumis  a des  essais  d'integrite  en  survitesse  conformes  4 l'6preuve  des  r4glements  de  naviga- 

bi l i te. 

C'est  ainsi  que  des  disques  monobloc  de  turbines  du  turbopropulseur  BASTAN  sur  lesquels  la  plus 
grande  crique  mesurait  une  longueur  totale  de  34  mm  de  penetration  ont  subi  sans  rupture  l'6preuve  de  sur- 
vitesse 4 115X  de  la  vitesse  maximale  de  service  pendant  5 mn,  4 une  temperature  d'entree  des  gaz  au  moins 
egale  4 celle  du  regime  de  decollage. 

La  meme  verification  avait  ete  faite  aussi  sur  des  disques  de  moteurs  du  type  ASTAZOU,  de  plus 
petite  dimensions,  presentant  une  crique  maximale  de  18  mm  de  longueur. 

Tous  les  essais  auxquels  nous  nous  referons  etaient  effectues,  il  faut  le  noter,  avec  des  machi- 
chines  completes,  au  banc  d'essai  "FROUDE",  dans  des  conditions  reelles  de  vitesse,  de  temperature  et  de 
puissance. 

Pour  effectuer  les  essais  de  blindage,  lors  de  la  campagne  systematique  d'experimentation  decri- 
te  au  § 2.3,  ci-dessus,  il  a ete  procede  comme  suit. 

A - Afin  d'obtenir  une  possibilite  de  rupture,  le  disque  de  turbine  etait  pr6alablement  entailie  se- 
lon  le  croquis  de  la  Figure  4.  Les  trois  entailles,  d'environ  1,2  mm  de  largeur  (deux  entailles 
radiates  4 114°  I'une  de  I'autre,  la  troisi6me  entre  deux  trous  de  vis  d'  assemblage)  etaient 
pratiquees  par  6lectro-6rosion. 

B - Le  disque  etait  alors  remonte  dans  la  machine,  et  cette  derni6re  etait  instaliee  au  banc, FROUDE, 
avec  une  protection  exterieure  adequate  de  securite  (epaisseur  de  sable  entre  deux  toles). 

C - Le  moteur  etait  alors  soumis  4 des  cycles  de  variation  de  puissance,  entre  la  charge  maximale 

(puissance  de  decollage)  et  le  ralenti  vol  (charge  nulle).  La  duree  du  cycle  etait  de  I'ordre  de 
3 mn.  Le  type  de  moteur  en  question  est  equipe  d'un  circuit  de  regulation  4 vitesse  constante, 
I'essai  se  faisait  done,  soit  4 la  vitesse  nominate  maximale,  soit  4 103  ou  104X  de  celle-ci. 

D - Par  suite  de  la  propagation  des  criques  dans  le  disque,  4 partir  des  entailles  l'6clatement  etait 
obtenu  assez  rapidement  (entre  1 cycle  et  quelques  dizaines  de  cycles). 

3.2  Mati6res  pour  le  blindage 

Cette  campagne  d'essais  a mis  en  evidence  que  les  materiaux  possedant  un  grand  allongement  4 la 
rupture  se  comportaient  infiniment  mieux  que  ceux  possedant  une  haute  resistance. (Voir  Tableau  ci-dessous) 


Materiau 

Resistance 

4 la  rupture 

R,  en  MPa 

Limite 

eiastique 

E,  en  M Pa 

Allongement 

4 rupture 

A,  en  pour  cents 

Comportement 

Maraging 

1800 

1600 

10 

Mauvais 

Fluginox 
viei lli 

1000 

640 

26 

Mediocre 

HS  25 

1000 

400 

60 

Bon 

Fluginox 

600 

260 

50 

Bon 

I10CNT  18 

600 

300 

50 

Bon 

Pour  le  classement  des  materiaux  on  aurait  pu  penser  4 utiliser  les  criteres  E x A,  ou 
R x A mais  le  meilleur  crit6re  de  selection  est  donne  par  le  travail  absorbe  par  traction  sous  choc  d'une 
eprouvette  cylindrique  au  mouton  CHARPY. 


(Figure  10) 
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Les  matiriaux  que  nous  avons  etudies  a ce  point  de  vue  sont  donnes  dans  le  tableau  suivant. 

Hatiire  Travtil  de  traction  au  choc 

a froid 

Wetaux  legers 


a S 7 G 

A G 6 5 

A 5 6 N 8 

A Z 5 G 15 

ags  n.  s 

T i tane 

TA  6 V 54 

Aciers 

Naraging  45 

Z12CNDV12  55 

15CDV6  55 

50NCD16  55 

FLuginox  75 

N. 75  84 

X 70  12  90 

Z 10  CNT  18  95 

Ni  265  105 

HS  25  160 


Finalement ,en  raison  de  son  prix  de  revient  modere  et  de  sa  bonne  capacity,  I'aUiage  Z10CNT18 
semble  le  mieux  adapts  a un  blindage  dans  la  section  des  turbines.  La  quality  de  ces  divers  materiaux  de 
blindage  sont  rapport*es  soit  au  Z10CNT18,  soit  a l'AG5,  avec  lesquels  les  essais  de  base  de  continence 
de  debris  ont  reellement  ete  effectues. 

tl  est  d'ailleurs  probables  que  des  materiaux  nouveaux,  sp*cialement  adaptes  a ce  genre  de  travail 
et  encore  supArieurs  a l'MS25,  pourront  etre  mis  au  point. 

5.5  Forme  de  blindage 

Les  essais  ont  demontr*  qu'il  Atait  important  d'equilibrer  axialement  la  matiAre  de  I'anneau  de 
blindage,  pour  Aviter  que  les  fragments  s'Achappent  vers  I'avant  ou  vers  I’arriAre.  line  fixation  axiale 
robuste  du  blindage  s'est  avArAe  indispensable. 

II  est  aussi  recommandA  de  disposer  le  blindage  le  plus  prAs  possible,  radialement,  du  disque  a 

retonir. 

Les  essais  ont  montrA  qu'entre  I'Anergie  cinetique  totale  du  fragment  d'un  tiers  de  disque  et 
I'Anergie  d'al longement  a rupture  de  la  partie  d'un  anneau  de  blindage  en  contact  avec  le  bord  exterieur 
du  fragment,  il  existe  un  rapport  pratiquement  constant,  ce  qui  correspond  au  rendement  de  t ransformat ion 
de  l'6nergie  cinAtique.  (Figure  11) 

A litre  d'exemple,  un  fragment  de  disque  d'une  energie  totale  de  52  000  joules  est  parfaitement 
contenu  par  un  anneau  en  Z10  CNT  18  d'une  section  radialeede  9 mm  et  de  28  mm  de  longueur  axiale.  (Ener- 
gie du  disque  entier  : 100  000  joules) 

Pour  les  types  de  moteurs  (ASTAZ0U  XII,  XIV,  XVI)  ayant  servi  de  support  a la  campagne  d'essais 
d'Aclatements  de  turbines,  le  blindage  adopt*  a recu  la  forme  roprAsentAe  par  les  figures  12  et  15  ex- 
traites  du  manuel  d'entretien.  On  voit  que  la  surface  intArieure  du  blindage  a ete  rainuree.  Ceci  permet 
en  quelque  sorte  un  guidage  des  dAbris  a I'interieur  de  I'anneau,  tout  en  augmentant  a masse  Agale,  la 
rigiditA  en  flexion  du  blindage.  On  a ainsi  obtenu  que  les  fragments  ne  s'Achappent  pas  dans  le  sens  axial, 
D'autre  part,  t 'oval i sat i on  locale  de  I'anneau,  a I'endroit  de  l 'impact  est  un  peu  attAnuAe  par  la  plus 
grande  rigiditA.  On  Avite  ainsi  qu'en  appuyant  sur  le  carter  de  turbine,  le  blindage,  forcAment  dAforme 
par  le  choc  vienne  a percer  cette  enveloppe  extArieure.  (Fig. 14). 


On  trouvera  au  } 6.2,  ci-aprAs  une  indication  sur  la  masse  de  ce  dispositif. 

4.  BLINDAGES  POUR  DES  AUBES  DE  FAN 
4.1  Nature  du  problAme 

Le  problAme  de  la  construction  d'un  blindage  capable  de  contenir  les  pales  de  compresseurs 
axiaux  est  rendu  plus  complexe  par  I'effet  de  poinconnement,  qui  n'est  pas  facile  a traiter  de  maniAre 
rigou reuse. 

On  se  trouve  en  quelque  sorte  dans  les  mAmes  conditions  que  les  spAcialistes  des  armes  de  poing, 
qui  ont  AtA  conduits  a dAfinir  un  certain  nombre  de  notions  empirigues  pour  Avaluer  les  effets  des  im- 
pacts des  projectiles  de  revolvers  et  de  pistolets.  Ces  notions  sont  rappelAes  i c i parce  qu'elles  sont 
de  nature  A illustrer  les  effets  de  pales  rompues  sur  les  parties  du  moteur  qui  les  entourent. 


. 1 1 
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Les  professionnels  des  armes  (et  meme  tes  tecteurs  occasionnels  de  romans  policiers)  savent 
qu'un  projectile  de  petit  calibre  lane*  4 grande  vitesse  peut  parf ai tement  traverser  un  adversaire  de  part 
en  part.  Meme  si  la  blessure  cause  une  lesion  qui  sera  - 4 terme  - mortelle,  un  tel  impact  peut  laisser  a 
I'ennemi  le  temps  de  poursuivre  son  attaque.  Alors  qu’une  simple  boule  de  petanque  ou  un  gros  caillou, 
un  galet,  lance  4 la  main  - e'est  4 dire  avec  une  vitesse  initiate  faible  - brisera  net  I'eian  d'un  agres- 
seur  meme  s'il  n'est  pas  touche  dans  une  partie  vitale. 


Pour  caracteriser  ces  effets,  la  balistique  des  petites  armes  fait  done  usage  des  notions  sp4- 
cifiques  suivantes,  4 partir  des  donnies  fondamentales  de  calibre  (d),  de  masse  (M)  et  de  vitesse  initiate 
(V)  du  projecti le  : 


E 

- StP 


- Perf 


Energie  cinetique  du  projectile  - 1 M.V2 
(notion  absolument  classique) 


Puissance  d 1 arret ("Stoppi ng  Power"), 

e'est  I'energie  cinetique  mul t ipL i4e  par  la  surface  frontale  du  projectile  : 

StP  = 1 M.  V2.  TV 

~T  ~T~  d 

( La  "puissance  d’arret"  est  la  caracteristique  recherchee  par  les  armes  de  gros  calibre  de  la 
Police,  par  exemple,  un  "44  Magnum"  a un  StP  de  10  4 20  fois  supirieur  4 celui  d'un  "22  long 
rifle",  dont,  la  vitesse  initiate  est  cependant  du  meme  ordre. 


Perforation 


C'est  la  quantity  de  mouvement  du  projectile  divis4e  par  sa  surface  frontale  et  affectee  d'un 
"coefficient  de  penetration  (K)  : 


Perf  = K. — 


M.V. 


On  peut  constater  que  si  I'effet  de  choc  reste  immuable,  quelle  que  soit  la  nature  de  la  cible, 
le  coefficient  de  penetration  "K",sera  extrSmement  variable  selon  : 


la  nature  du  projectile  (mati4re  : plomb,  bronze,  acier,  plomb  chemise  d'acier  ou  de  laiton,  etc)  ; 


la  forme  du  projectile  (spherique,  cylindro-conique,  creux,  etc)  ; 

la  nature  du  milieu  rencontre  (brique,  ciment,  metal,  planches,  sacs  de  sable,  chair,  os,. ..etc) 


Lors  de  t 'etude  d'un  blindage  destine  4 contenir  les  fragments  de  pales,  on  se  trouve  confronte 
4 des  probiemes  de  meme  diversite  que  I'evaluation  de  la  perforation  par  un  projectile  d'arme  ieg4re. 

L'effet  de  poinconnement  dans  un  blindage  va,  lui  aussi  dependre  de  la  quantite  de  mouvement 
des  debris  et  de  leur  "calibre"  e'est  4 dire  de  la  maniere  dont  ils  attaquent  le  blindage  : I'effet  sera 
fort  different  si  I'extremite  de  la  pale  se  presente  perpendiculai re  au  blindage,  ou  si  la  pale  se  couche 
et  frappe  sur  une  plus  grande  surface.  Le  "coefficient  de  penetration,  lui  aussi,  sera  different  selon  la 
mati4re  des  pales  (alliage  leger,  materiel  composite,  titane  ou  acier).  Bien  entendu  la  mati4re  du  blindage 
et  sa  disposition  sont  aussi  des  facteurs  determinants  pour  savoir,  si  oui  ou  non,  le  blindage  sera  traver- 
se par  coup  de  poincon.  Pour  I'effet  d'impact  d'objets  lourds  et  diffus  (par  exemple  des  oiseaux  moyens  et 
gros  ou  un  amas  de  debris  provenant  d'une  serie  de  pales  - fixes  ou  mobiles  - cisailiees)  I'analogie  avec 
la  notion  de  "puissance  d'arret"  peut  egalement  etre  utile. 

4.2  Quelques  experiences  pratiques. 

Nous  I'avons  dit  plus  haut  ( § 2.4),  il  ne  semble  pas  possible  qu'une  structure  de  pale  de  fan 
premier  etage,  sur  un  moteur  de  dimensions  moyennes,  soit  capable  de  resister  4 I'impact  de  plein  fouet 
d'un  gros  oiseau,  sans  etre  cisailiee.  Dans  le  cas  du  turboreacteur  LARZAC  (de  la  classe  des  1400  kg  de 
poussee)  le  calcul  suivant  avait  ete  fait  : 

Masse  de  I'oiseau  : 1,800  kg  Vitesse  d'impact  : 210  m/s 

calibre  de  I'oiseau:  127  mm  (diametre  du  canon  4 poulets) 

La  "puissance  d'arrSt"  de  ce  projectile,  calcuiee  selon  les  methodes  balistiques,  se  trouve  etre 
2500  fois  celle  du"44  Magnum",  la  plus  puissante  arme  de  poing  connue  - II  n'est  done  pas  etonnant  qu'un 
impact  de  ce  genre  conduise  4 des  degats  considerables. 

Dans  le  cas  du  LARZAC,  le  tir  d'oiseau  lourd  effectue  au  Centre  d'Essai  des  Propulseurs  4 Saclay, 
dans  les  conditions  ci-dessus,  a,  en  effet  cisailie  net  les  4 pales  du  fan  qui  ont  directement  repu  I'im- 
pact axial  de  I'oiseau.  Trois  autres  pales  se  sont  cass£es  imm£diatement  apr6s,  pour  mettre  la  masse  de 
I'oiseau  en  rotation.  II  convient  de  noter  que  I’ensemble  des  debris  (oiseau  + pales  cassees)  est  reste 
contenu  radialement. 

Le  plus  grand  nombre  d'essais  de  blindage  de  pales  de  fan  a ete  effectue  sur  des  moteurs  du  type 
ASTAFAN,  comme  mentionn4  dtji  (f  2.4).  Comme  ces  pales  sont  montees  4 pas  variable  dans  le  moyeu  de  ce 
type  de  moteur,  il  etait  indispensable  d'apporter  la  demonstration  que  cette  construction  n'est  pas  plus 
vulnerable  qu'une  construction  avec  des  pales  fixes.  Les  essais  ont  porte  sur  des  pales  en  alliage  leger 
et  sur  des  pales  en  titane  avec  des  diametres  de  fan  de  500  4 800  mm  et  des  vitesses  de12000  4 7000  tr/mn. 
Les  resultats  ont  constamment  verifie  les  evaluations  et  demontre  que  les  debris  etaient  correctement  con- 
tenus  par  le  blindage. 

Comme  matiere  pour  ces  blindages  le  choix  s'est  porte  sur  l 'alliage  leger  AG5  pour  lequel  le  pro- 
duit  R.A  est  de  4(J0  cmKg  ou  40  joules  au  cm  . 

Finalement  on  peut  mettre  en  evidence  un  rapport  4 peu  pr6s  constant  entre  I'energie  liberee  par 
une  auble  et  I'energie  4 rupture  d'un  element  d'anneau  de  longueur  egale  4 la  corde  tangentielle  de  I'aube 
4 retenir,sur  une  largeur  egale  4 la  longueur  axiale  du  profit  de  tSte.Par  exemple  une  pale  en  titane  ani- 
m4e  d'une  energie  de  6460  joules  est  retenue  par  un  anneau  de  blindage  en  AGS  de  70  mm  de  longueur  axiale 
et  de  8 mm  d'Apaisseur,  avec  une  s6curite  de  I'ordre  de  2.  (Par  suite  de  la  possibilite  d'un  pas  nul  il 
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faut  prAvoir  le  containement  sur  une  faible  largeur). 

5.  BLINDAGE  POUR  PALES  RAPPORTEES  DE  TURBINES 

5.1  Principe  - 

Le  problAme  de  la  continence  des  pales  de  turbines  rapportAes  peut  se  rAsoudre  selon  les  memes 
principes  que  ceux  utilises  pour  les  disques  monobloc,  mais  en  se  contentant  d'Apaissejrs  d'anneaux  plus 
rAduites.  Pour  I'Avaluation  des  dimensions,  la  meme  mAthode  que  celle  decrite  pour  contenir  les  pales  de 
fan  est  applicable. 

5.2  Observations 

Nous  avons  insistA  au  I 2.5  plus  spAcialement  sur  le  cas  du  blindage  pour  les  pales  concues  pour 
Atre  arrachAes  du  disque  en  cas  de  survitesse.  C'est  en  effet  le  cas  ou  I'Anergie  cinAtique  des  pales  est 
la  plus  AlevAe  (2  A 2,5  fois  I'Anergie  correspondant  A la  vitesse  normale  de  service).  Dans  le  cas  des 
types  de  moteur  A simple  corps,  c'est  A dire  oil  la  turbine  est  directement  liAe  A I'arbre  portant  les  com- 
presseurs,  les  cas  de  survitesse  importante  sont  d'une  probabilitA  encore  beaucoup  plus  lointaine.  Cela 
provient  A la  fois  du  type  de  construction  et  du  type  de  circuit  de  rAgulation  utilisA  sur  ces  moteurs. 

Un  blindage  efficace  peut  done  etre  construit  avec  une  masse  moindre. 

Le  nombre  des  pales  que  I'on  considAre  comme  capables  de  s'arracher  du  disque  (une  pale  isolAe, 
deux  pales  avec  un  morceau  du  disque  interpale,  trois  pales  avec  deux  interpales  ?)  a souvent  AtA  I'objet 
de  discussions. 

La  rupture  d'une  premiAre  pale,  selon  l 'expArience,  peut  toujours  conduire  A une  salade  gAnArali- 
sAe  dePlusieurs  aubes  de  la  rangAe-  II  taudra  bien  que  le  blindage  soit  capable  de  contenir  l 'ensemble 
de  ces  dAgAts. 

Comme  la  mAthode  devaluation  utilisAe  s'applique  quel  que  soit  le  nombre  de  pales  rompues,  la 
discussion  sur  le  nombre  de  ruptures  nous  parait  revetir  un  caractAre  acadAmique,  sous  I'aspect  du  blin- 
dage. 

Par  contre,  le  balourd  rAsultant  sur  le  mobile  n'est  certes  pas  le  meme  si  une  seule  pale,  ou  si 
tout  un  secteur  de  pales  se  dAtachent  du  disque.  Le  problAme  est  alors  que  les  paliers  et  la  structure 
des  carters  du  moteur  soient  en  mesure  de  rAsister  aux  efforts  violents  causees  par  le  balourd.  Comme 
dans  tout  problAme  de  construction,  il  faut  considArer  I'ensemble.  II  serait  naif  d'avnir  disposA  un  blin- 
dage capable  de  retenir  tous  les  dAbris,  peu  genant,  lAger  et  pourvu  de  toutes  les  qualitAs,  si  I'incident 
d'une  rupture  de  pale  devait  conduire  A une  dAsintAgration  du  moteur  par  ailleurs. 

6.  BLINDAGE  PARTIEL  OU  INTEGRAL 

6.1  Protection  contre  I'Aclatement  des  rotors  de  divers  types. 

Dans  ce  qui  prAcAde  nous  avons  exposA  des  problAmes  relatifs  au  blindage  capables  de  retenir,  soit 
des  Aclatements  complets  de  disques  de  turbine,  soit  des  arrachements  de  pales  de  fan,  soit  des  arrache- 
ments  de  pales  rapportAes  de  turbine.  C'est  en  effet  dans  ces  trois  domaines  que  nous  avons  eu  l 'occasion 
d'acquArir  le  plus  grand  nombre  de  donnAes  expArimentales,  et  effectuA  la  majeure  partie  de  nos  essais 
systAmatiques. 

Les  principes  devaluation  de  la  capacitA  des  b1  indages  A contenir  ces  divers  types  de  dAfaillan- 
ce,  que  nous  avons  pu  dAduire  de  ces  expAr iences, s ' appl iquent  A taus  les  types  de  rotors.  Nous  les  avons 
aussi  vArifiAs  expArimentalement  sur  le  blindage  de  rotors  de  compresseurs  axiaux  et  de  rouets  centrifu- 
ges,ce  qui  a confirmA  la  validitA  des  mAthodes  devaluation.  Comme  ces  sAries  d'essais  n'ont  pas  eu,  A 
notre  point  de  vue,  la  meme  importance  historique  que  les  quelques  campagnes  d’expArimentation  dAcrites 
plus  haut,  il  ne  vaut  peut-Atre  pas  la  peine  de  s'y  attarder,  dans  le  cadre  de  la  prAsente  Atude. 

Toujours  est-il  que  nous  estimons  dAsormais  etre  en  mesure  de  construire  des  moteurs  de  petites 
et  de  moyennes  dimensions  de  maniAre  A leur  assurer  un  blindage  intAgral  contre  toute  rupture  de  partie 
tournante,  si  cela  s'avAre  souhai table. 

6.2  Bilan  de  masse 

Il  y a finalement  un  bilan  A Atablir  entre  l 'augmentat ion  de  masse  que  I'on  veut  consentir  et  la 
probabilitA  de  oAfaillance  des  AlAments  tournants. 

L'Atablissement  d'un  tel  bilan  peut  conduire  A des  solutions  diffArentes,  suivant  le  type  d'utili- 
sation  auquel  se  destine  un  moteur.  Pour  un  turbomoteur  d'hAlicoptAre,  par  exemple,  pour  lequel  la  lAgA- 
retA  est  un  facteur  essentiel,  il  pourra  etre  dAcidA  de  concevoir  le  blindage  seulement  de  facon  A conte- 
nir les  pales  arrachAes,  mais  pas  les  ruptures  completes  de  disques,  ces  derniAres  Atant  considArAes  com- 
me d'une  probabilitA  ExtrAmement  Lointaine.  Par  ailleurs,  les  entrAes  d'air  des  hAlicoptAres  sont  gAnAra- 
lement  protAgAes  par  des  grilles  contre  l 'ingestion  de  corps  Atrangers  lourds,  ce  qui  diminue  la  probabi- 
litA de  destruction  des  premiers  Atages  de  compresseurs  par  impacts  extArieurs. 

Pour  fixer  les  idAes  nous  donnons  ci-aprAs  quelques  indications  de  masse  pour  divers  blindages  sur 
diffArentes  catAgories  de  moteurs  TURBOMECA  : 

A - Pour  un  turbopropulseur  ASTAZOU  XIV  ou  XVI,  ( respect i vement  850,  1020ch)  le  blindage  ’ntAgral  des 
turbines  (Figures  12  et  13  , § 3.3)  conduit  A une  augmentation  de  masse  de  8,5  Kg,  soit  moins  de 
4,33!  de  la  masse  du  moteur  AquipA. 

Pour  les  versions  ultArieures  de  ces  types  de  moteurs,  ou  les  turbines  sont  exAcutAes  non  plus  en 
roues  monobloc,  mais  avec  des  pales  rapportAes,  le  blindage  concu  pour  retenir  seulement  les  pales 
pAse  3,5  Kg,  soit  moins  de  1,8X  de  la  masse  du  moteur. 

B - Le  turbomoteur  d'hAlicoptAre  MAKILA  (1800  ch)  pAse,  entiArement  AquipA,  238  Kg.  Cette  masse 

comprend  dAjA  le  blindage  capable  de  retenir  les  pales  de  turbine.  Si  le  moteur  devait  etre  AquipA 
de  blindages  capables  de  retenir  intAgralement  la  rupture  des  disques  et  des  pales  (compresseurs 
axiaux,  roue  d'entrAe  et  rouet  centrifuges,  turbines  du  gAnArateur  et  turbine  libre),  I'augmenta- 


tion  de  masse  serai t de  7,3  Kg,  soil  environ  3,1  X de  la  masse  actuelle. 
6.  CONCLUSIONS 


De  ce  qui  precede,  on  peut  voir  que  te  probl*me  de  r*aliser  un  blindage  capable  de  retenir  in- 
t*gralement  dans  le  moteur  les  debris  de  ruptures  de  disques  et,  4 plus  forte  raison,  de  pales  peut  trou- 
ver  une  solution  sat i sf ai sante,  au  prix  d'une  p*nalit*  de  masse  raisonnable. 

t Cette  constation  est  valable  pour  des  moteurs  4 turbines  de  dimensions  r*duites  et  moyennes. 

C'est,en  effet  sur  cette  categorie  de  moteurs  que  l 'experience,  qui  est  4 la  base  de  notre  expos*,  a *t* 
acquise  et  que  des  essais  syst*mat iques  d'efficacit*  de  blindages  ont  pu  etre  effectu*s. 

Les  principes  qui  peuvent  guider  revaluation  de  la  capacit*  d'un  blindage  4 r*sister  4 la  d*- 
s i nt *grat i on  des  disques  ou  des  pales  ont  *t*  sommairement  indiqu*s.  Nous  n'avons  intentionnel lement  pas 
donn*  de  "recette  de  cuisine"  trop  precise,  conscients  de  la  diversity  des  cas  qui  peuvent  se  presenter 
et  de  l ' impossibi l 1 t*  qui  existe  4 tenir  compte  de  tous  les  facteurs. 

Si  cet  expos*  a r*ussi  4 d*mystifier  un  sujet  longtemps  consider*  comme  confidential  et  4 four- 
nir  aux  constructeurs  quelques  donn*es  exploi tables,  le  but  que  nous  nous  *tions  fix*  sera  atteint. 


Figure  2 meme  incident  : les  degats  sont  entierement  contenus  dans 

LE  MOTEUR 


FIGURE  4 : MODELE  DE  DISQUE  DE  TURBINE 

PREPARE  POUR  ESSAIS  DE  RUPTURE 


FIGURE  7 TURBOREACTEUR  LARZAC.  ESSAI  D'lNGESTION  d'OISEAU  LOURD 
(1/8  KG/  210  m/s).  Rupture  de  7 pales  du  fan  Ier  Stage 


FIGURE  8 TURBOMOTEUR  TURMO  III  c3  (1964),  ESSAI  DE  SURVITESSE  DE 

TURBINE  LIBRE  PAR  COUPURE  D ARBRE  DE  SORTIE  SANS  PROTECTION 

ARRACHEMENT  DE  PALES  DE  TURBINE  ZE  STAGE  A N = 170%, 


FIGURE  9 TURBOMOTEUR  ARRIEL  (1978).  ESSAI  DE  SUR' 

LIBRE  AVEC  ARRACHEMENT  DES  PALES  A N = . 

ANNEAU  DE  BLINDAGE. 


SSE  DE  TURBINE 
, CONTENUES  PAR 
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DISCUSSION 


J.Colpin,  Belgium 

Effet  d’un  facteur  d’echelle,  passant  d’une  petite  soufflante  a une  grande,  sur  les  conditions  d’application  *t  les 
criteres  de  retentions  d’aubes.  Ceci  fait  reference  a la  plus  grande  sensibilite  aux  impacts  exterieurs  (rup*1  t des 
petites  unites  vis  a vis  des  grandes. 

Reponse  de  D.Hedon,  France 

( 1 ) Les  criteres  de  retention  des  aubages  sont  les  memes  quelle  que  soit  la  taille:  la  retention  doit  etre  assuree. 

(2)  Les  impacts  en  pied  d’aubage  de  soufflante  sont  moins  critiques  sur  les  gros  moteurs  (section  plus  forte),  mais 
d'autres  causes  de  ruptures  d’aubes  doivent  etre  envisagees  (fatigue  oligocyclique,  vibrations). 
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SUMMARY 


The  function  of  a vibration  damper  in  a gas-turbine  engine  is  to  reduce  rotor  vibrat- 
ion and  transmitted  force  to  the  engine  frame.  In  early  designs  the  outer  races  of  the 
rolling-element  bearings  supporting  the  rotor  were  rigidly  built  in  to  the  engine  frame. 

In  many  current  designs  the  outer  races  are  instead  cantilevered  from  the  frame  on  a 
ring  of  supports  known  as  a squirrel  cage.  The  resulting  flexibility  allows  outer  race 
movement.  This  movement  takes  place  within  a cylindrical  oil  container  which  allows  a 
radial  clearance  of  about  0.010  in,  constituting  a squeeze  film.  In  some  designs  the 
squirrel  cage  support  is  dispensed  with,  and  the  squeeze  film  is  relied  upon  to  provide 
sufficient  lift  to  avoid  meta 1 -t o-metal  contact  between  the  outer  race  of  the  rolling  ele- 
ment bearing  and  the  oil  container.  The  work  described  in  this  paper  is  concerned  with 
both  applications. 


NOTATION 


A nnR(l/c)  v/km 

b Negative  pressure  factor  in 

equations  (8) 

c Radial  clearance  of  squeeze  film 

Cj  Dynamic  journal  (or  rotor)  centre 

e Eccentricity  of  journal  in  bearing 

F Dynamic  force  transmitted  to  engine 

f rame 

k Stiffness  of  retainer  spring  per  land 

E k/mu)*' 

1 Squeeze-film  land  length 

m Rotor  mass  per  land 

p Local  film  pressure 

Pst  P/2R1 

Pj,P,  Squeeze-film  forces 

P1 1 * P1 2 * P21 »P22  Component  film  forces  in 
equations  (8) 

kcc  Restoring  force  per  land  due  to 
retainer  spring 

P Rotating  force  vector  per  land 


Q P/mcui 

? 

Qj  Pj/mcw*' 

Q-,  P,/mcu<’ 

Qc  Pc/mcto‘  = u/c 

R Journal  radius 

T Transmi ss ibi 1 i ty 

t Time 

u Displacement  of  rotor  centre  of 

mass  from  geometric  centre  due  to 
addition  of  unbalance  mass  or  loss 
of  mass 

B n R1  ''/mi?u 

c Dynamic  eccentricity  ratio  (*  e/c) 

n Oil  viscosity 

0 Angular  measure  from  line  of  centres 

in  direction  of  rotation 

ip  Dynamic  attitude  angle 

u>  Frequency  of  dynamic  load 

u>n  /k/m 

(’)  d/d(u>t ) 


INTRODUCTION 

In  early  designs  of  gas  turbine  engine  the  rolling  element  bearings  which  supported 
the  rotor  were  mounted  directly  into  the  engine  frame,  Fig. la.  However,  the  squeeze-film 
damper  has  now  become  a standard  application  in  gas-turbine  construction.  In  one  variety  of 
damper  an  oil  film  is  relied  upon  to  provide  damping  and  is  placed  in  parallel  with  a re- 
tainer spring  support  system  which  provides  flexibility.  This  support  system  is  designed  to 
be  sufficiently  soft  as  to  ensure  that  the  lowest  natural  frequency  of  the  rotor-bearing 
system  is  well  below  the  speed  range  of  the  engine.  In  this  way  rotor  vibration  and  trans- 
mitted forces  can  be  each  kept  at  a low  level.  The  spring  support  system  usually  takes  the 
form  of  a set  of  bars  fixed  at  one  end  to  the  outer  race  of  the  rolling-element  bearing  in 
which  the  turbine  rotor  runs  and  at  the  other  to  the  engine  frame,  Fig.  lb.  The  purpose 
of  the  damping  element  is  to  ensure  that  excessive  rotor  vibrations  and  transmitted  forces 
are  not  encountered  during  run-up  or  at  off-design  speeds.  Depending  on  the  oil-supply 
pressure,  which  varies  from  one  design  to  another,  the  squeeze-film  annulus  may  run  full 
or  incomplete.  For  many  applications  of  this  type  the  support  system  is  preloaded  to  en- 
sure that  at  start-up  the  outer  race  of  the  rolling-element  bearing  is  concentric  in  the 
squeeze-film  annulus.  During  subsequent  running  any  vibration  is  assumed  to  produce  a 
concentric  orbit.  For  such  an  application  the  squeeze-film  bearing  is  not  called  upon  to 
provide  a load-carrying  capacity  and  consequently  if  the  oil-supply  pressure  is  of  reas- 
onable magnitude,  the  squeeze-film  annulus  remains  full. 


In  the  second  application  the  retainer-spring  support  system  is  dispensed  with  and  the 
squeeze-film  is  called  upon  to  provide  support  as  well  as  damping,  Fig.lc.  Rotation  of 
the  outer  race  of  the  rolling-element  bearing  is  then  usually  prevented  by  an  anti-rotation 
pin.  When  the  rotor  is  at  standstill  the  rolling-element  bearing  lies  at  the  base  of  the 
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oil  container  and  is  free  to  move  radially  without  rotation.  It  is  well  known  that  a 
squeeze- fi lm  alone  has  no  static-load  capacity  in  the  absence  of  a dynamic  load.  Kith 
both  loads  present  lift  must  therefore  depend  on  the  rate  of  change  of  eccentricity  and/ 
or  of  attitude  angle. 

This  paper  investigates  the  feasibility  and  reliability  of  the  squeeze-film  both  as 
a damper  and  as  a load-carrying  member.  In  both  applications,  the  squeeze-film  is  almost 
invariably  supplied  from  a central  circumferential  oil  groove  which  effectively  separates 
the  bearing  axially  into  two  parts  or  lands.  In  what  follows  all  governing  parameters 
will  be  assumed  to  be  appropriate  to  one  land. 

THEORETICAL  TREATMENT 

(i)  Use  as  a damper  with  retainer  spring  support 


Fig.2ashows  a ball  bearing  outer  race  within  the  oil  container  (the  bearing),  under 
the  action  of  a restoring  force  kce  due  to  the  stiffness  of  ^he  squirrel  cage  retainer 
spring.  Vibration  arises  from  a centrifugal  force  Pc  * muu-  due  to  unbalance.  The  ampli- 
tude of  orbital  motion  depends  on  kce,Pc,  Pj , and  P,.  The  last  two  forces,  Pj  and  P7, 

are  those  arising  hydrodynamical ly  from  the  squeeze- fi lm ,whi ch  is  assumed  to  be  of  360° 
circumferential  extent.  Any  gravity  load  is  assumed  to  be  neutralised  by  a preload  in 
the  retainer  spring.  The  equations  governing  the  concentric  motion  of  the  shaft  centre 
are  then  , 

P cos(wt  -ip)  - P.  - kcc  - - mcew 

C * n i 


Pc  sin  (u>t  - ) 


where  e is  the  dynamic  eccentricity  ratio  resulting  from  unbalance.  In  equations  (1)  the 
squeeze-film  forces  Pj  and  P7  have  been  shown  from  hydrodynamic  considerations  [l] , to  be 
given,  for  concentric  mot ion)  by 
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Equations  (1)  may  be  made  non-dimensional  by  dividing  by  mcu>‘‘  to  give 


Qc  cos  (u>t  -ip) 


Qc  sin  (uit  -ip) 


-e  ( 1 * k) 


”nR  , K 

mu>  1 c ' 


(1  - e )• 


where  Qc  - Pc/mcu>‘'  » muu'/meui  * u/c 

“ 2 / 2 

and  k * k/mu)“  = 
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, equations  (3)  may  be  rewritten  to  give 


- cos  (u>t  - ip)  = (k  - l)e 
^ sin  (ut  - ip)  - s8e / ( 1 - e2)^2 


whence,  after  some  manipulation, 

rU-i 2 (1  - c_ ) , ui  . . . r,  _ 7 2-i  “ „ 2, 
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Assuming  a fairly  typical  value  of  A = 0.2,  say,  a family  of  response  curves  of  - — 
versus  u>/u>n  may  be  constructed  for  different  values  of  u/c  (Fig. 3a).  From  these  'u'c 

curves  an  indication  can  be  obtained  as  to  the  amount  of  vibration  r,  suffered  by  the  gas 
turbine  rotor  in  the  symmetric  mode. 


Of  equal  importance  is  the  dynamic  force  F transmitted  to  the  engine  frame.  This 
force  is  given  by 

, 2 2 1/2 

F - L P2  ♦ ( kcr ) L ] ( 1 


■ 


I hll' 


ami  is  best  expressed  as  a ratlolthe  t ransmi  ss  lb  i l i t y 1 of  t he 
t ransmlas ibl  1 i t y I'  Is  given  by 

T - F/l’ 

c 

A|ta  in  .assuming  a value  o t A ot  0.2,  a faintly  ot  curves  showing 
for  different  values  of  u/y  is  shown  in  Fig.Ab.  An  inspection 
that  both  t/fu/cl  and  'he  tvansmlssibllity  I depend  upon  u/c. 
system  is  essentially  non-linear.  Also  only  for  above  • 

Ibis  should  thus  be  made  to  correspond  to  the  norma  I "opera t inn 
it  can  be  readily  seen  from  Figs.  ia  and  Ab  that  a low  value  of 
counts  - low  vibration  amplitude,  low  t ransm i ss ib i 1 i t y and  low 


unbalance  force  I’  . 

V 

I f > 

the  dependence  ot  1 on  u> 
of  I us.  la  and  Ab  shows 
111  is  is  expected  sinve  the 
is  1 less  than  unity, 
ranee  ot  the  engine,  wtieu 
u/i  is  desirable  on  three 
t ransm 1 1 1 ed  foi . e . 
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Now  suppose  that  the  supply  pressure  is  insufficient  to  maintain  a positive  pressure 
in  areas  of  the  squeeze  film  where  the  boundary  surfaces  are  instantaneously  separating, 
for  the  sake  of  simplicity  assume  that  us  a result  the  squeeie  film  becomes  halt  cavitated. 
It  may  then  be  shown/*. g. (2) , (A),  that  I1 , is  halved  and  that  l*.  is  no  longer  zero,  being 

«iven 2nRl'w  r2  ' 
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l'he  effect  ot  such  cavitation  is  shown  in  ligs.  J c ,d  which  reveal  a deleteiiois  tntlueiue 
on  t ransm  i ss  ib  i I 1 1 v when  u/c  is  0.4  or  above.  Ixtra  caution  is  then  required  in  balancing 
a turbine  rotor  if  there  is  any  liklihood  ot  cavitation  taking  plare  in  its  squeeze-  f i la 
bearings.  Alternatively,  the  oil  supply  pressure  should  be  made  high  enough  to  prevent 
c av i t at i on  . 


liif  Use  of  a squeeie- film  as  a load-carry  mg  member  without  spring  support s ■ 

Owing  to  the  absence  ot  a retainei  spring  in  this  application  the  squeeze  tilm  must 
now  support  the  gravity  load  of  the  rotor  as  well  as  the  dviiamu  load  due  to  rotor  unhalatue. 
Puring  periods  of  appreciable  suba t mosphe r i c pressure , cav i t at  ion  may  well  now  occur  in 
portions  of  the  film  even  with  a reasonable  oil-supply  pressure.  I he  dynamical  equations 
of  motion  are  more  complex  than  equations  (11  since  circulai  concentric  wtuil  cannot  be 
assumed.  the  equations  are,  with  reference  to  fig.  .’h, 

-I’,  t l’  eosig  * l’k  cos(uit  - i|)  * lllc(l  - if ' t 1 
aiul  -I’,  - 1’  suit  * I’  sin(uit  t'l  * mc(it»  ) .....(''I 


l'he  squee.’e- f i Im  forces  V,  and  I‘ , are  deduced  by  solving  the  so-called  Reynolds  equal  ion 
which  governs  the  pressure  gener.lt  ion  in  a lubricant  film,  and  they  are  based  on  the 
assumption  that  the  squee.’e- f i 1 in  cavitates  over  a port  ion  ot  the  clearance  region,  m 
which  the  oil-film  pressure  is  less  than  a prescribed  minimum,  flits  portion  is  defined 
by  oil-film  limits  n ( and  , fig.  2b,  whose  values  at  a particular  axial  location  depend 
on  the  oil  supply  pressure  to  the  central  circumferential  groove  and  on  the  pressure  at 
which  the  oil  cavitates. 


Now  it  may  he  shown  that  the  hydrodynam  i ca  1 I v - gene  i a t ed  pressure  in  a squee.’e  tilm 
is  negative  over  about  180°  ot  the  annulus  but  it  has  been  experimentally'  observed  hv 
some  workers  (4l,(Sl,(bl,  that  under  dynamic  conditions  an  oil  film  can  support  piessures 
considerably  less  than  atmospheric  before  cavitating.  We  thus  write  the  squeeze  tilm  toices 

Pl  * >’u  * b"’i2  * Pll' 

a ml 

b , • P , . ♦ b ( 1’ , : - I’  M ) (SI 

where  l’||  and  1’jj  are  the  forces  derived  for  the  180°  film  ot  positive  hvdt’odvnamiy  pressure 
Cl  and  l’ v are  the  oil-film  forces  derived  for  the  full  Am!"  film  ill.  (I\,  - I',,'  and 

- P , . i represent  the  forces  emanating  from  the  region  ot  negative  Ind  i o.li  nami , pressure 
and* accoiint  for  the  effects  of  supple  pressure  and  oil-cavitation  pressure.  l'he  coefficient 
h is  set  to  prescribe  the  generation  of  squeeze- f i 1m  forces  due  to  resultant  oil  pressures 
in  this  region. 


whe  re 


fquat  ions  C)  may  he  made  non-dimensional  In  dividing  throughout  In  mc«>“  . finis , 
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and  t’l  denotes  differentiation  with  respect  to  non  dimensional  time  „t . 

fquat  ions  (‘M  were  solved  numerical  Iv  annl  some  ot  the  results  will  now  he  outlined. 
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RE SUI.TS  OF  COMPUTATIONS 

It  is  known  from  static  considerations  that  if  we  put  Q.  * 0,  the  squeeze- f i lm  bearing 
will  exhibit  no  load-carrying  capacity  under  the  action  of  h non-dimensional  static  load  Q. 
If,  however,  an  unbalance  load  Q is  added,  it  is  instructive  to  investigate  the  journal 
centre  locus  to  determine  whether  steady-state  orbits  are  achieved.  Fig. 4 shows  such  orbits 
for  four  values  of  the  negative  pressure  factor  b.  Each  circle  in  Fig. 4 is  called  the 
clearance  circle  and  its  radius  represents  the  radial  clearance  between  the  journal  (moving 
member)  and  the  bearing  (stationary  member). 

The  presence  of  steady  state  orbits  may  be  explained  physically  by  the  fact  that  the 
centrifugal  load  induces  a value  of  i|i',  the  effect  of  which  is  now  sufficient  to  replace 
the  more  conventional  journal  rotation  term.  A hydrodynamic  action  is  thus  produced  and 
creates  a load-carrying  capacity  to  counteract  the  static  and  dynamic  load  components  Q 
and  Qc . 

The  feasibility  of  relying  on  squeeze- f i lms  to  support  such  machine  elements  as  gas- 
turbine  rotors  is  thus  shown  to  be  consistent  with  a theoretical  analysis  which  allows 
cavitation.  If  the  annulus  is  full  (b  * 1.0)  the  rotor  merely  spirals  to  the  base  of  the 
clearance  circle  and  no  lift  is  achieved. 

DESIGN  OF  EXPERIMENT 

An  experimental  rig  was  built,  Fig. 5a,  to  simulate  as  accurately  as  possible  within 
certain  space  limitations  a small  gas  turbine  rotor  supported  on  rolling  clement  and 
squeeze-film  bearings  [8) . The  inner  elements  of  the  assembled  squeeze-film  bearing  were 
a case-hardened  and  ground  steel  ring  which  was  attached  to  the  outer  race  of  a ball  bear- 
ing, Fig. 5b.  The  radial  rolling  clearance  was  reduced  by  interference  fits  of  both  the 
steel  ring  on  the  outer  race  of  the  bearing,  and  of  the  inner  race  on  the  rotor  shaft. 

The  resulting  clearance  was  such  that  no  radial  motion  of  the  outer  race  relative  to  the 
inner  race  was  possible  and  a negligible  amount  of  pitching  of  the  ring  and  outer  race 
took  place.  The  material  used  for  the  pedestals  was  cast  iron,  which  was  chosen  for  ease 
of  machining  and  for  good  rubbing  properties  should  metal  to  metal  contact  occur  between 
the  pedestal  and  the  squeeze  ring.  The  pedestal  consisted  of  two  bearing  lands  which  were 
separated  bv  a central  circumferential  oil  supply  groove.  Fig. 5c.  The  dimensions  of  the 
groove  were  designed  so  as  to  make  negligible  any  hydrodynamic  pressures  that  may  be  gen- 
erated in  the  groove  due  to  squeezing  action.  The  bearing  diameter  and  land  length  were 
made  5 in.  (127  mm)  and  0.43  in.  (10.9  mm)  respectively,  and  a radial  clearance  of 
0.0082  in. (0.21  mm)  was  used.  After  assembly  of  the  rotor  and  fitting  of  the  squeeze  ring 
assemblies,  the  rotor  was  dynamically  balanced.  A known  mass  was  then  applied  to  give  a 
specified  degree  of  unbalance  to  excite  the  symmetric  mode  of  vibration  during  running  up 
to  speeds  restricted  to  about  4000  rev/min.  Displacement  measurements  of  the  rotor  centre 
were  taken  from  capacitive  probes  in  the  horizontal  and  vertical  planes,  Fig. 5a.  The 
rotor  was  seen  initially  to  rest  at  the  base  of  the  clearance  space  and  at  low  speeds  to 
roll  or  slide  across  the  pedestal  surface.  Further  increase  in  rotor  speed  resulted  in 
visible  lift,  until  a speed  was  reached  when  the  amount  of  lift  at  the  base  of  the  clear- 
ance circle  remained  essentially  constant,  regardless  of  increases  in  speed  between  2000 
and  4000  rev/min.  The  size  of  the  orbit  however  increased  continuously  with  speed.  Fig. 

6 shows  the  orbit  obtained  for  the  values  of  the  governing  dimensionless  groups  used  in 
Fie. 4 and  for  a supply  pressure  of  2 lbf/in?  (13.8  kN/  m -), sufficient  to  provide  an  ade- 
quate oil  supply.  Comparison  of  Figs. 4 and  6 shows  that  for  a value  of  b of  0.45,  reason- 
able agreement  as  to  orbit  size  and  disposition  is  obtained.  This  value  of  b gave  further 
reasonable  comparisons  when  other  values  were  used  for  the  governing  non-dimensional  groups. 

Fig.7*shows  the  computed  hydrodynamic  pressure  generated  in  the  squeeze-film  at  a mid- 
land position  at  the  base  of  the  clearance  circle  as  a function  of  non-dimensional  time  u>t 
and  for  b * 0.45.  In  this  figure  p denotes  the  pressure  due  to  the  applied  static  load 
component  P , that  is  m . For  the  experimental  bearing  in  question  the  value  of 

was  equal  to  about  10  lbf/inz  (69  kN/m^) . Fig. 7a  thus  gives  the  predicted  pressures  in 
tne  most  loaded  part  of  the  squeeze-film  and  shows  a maximum  negative  value  of  about 
-540  kN/m^,  indicating  the  presence  of  tensile  stress.  Although  large  this  negative  value 
is  not  unlike  negative  pressures  observed  in  journal  bearings  [4} , [5]  and  squeeze  bearings 
[b]  by  other  workers. 

A pressure  transducer  mounted  in  the  squeeze- r ing , (Fig. 5b)  indicated  a similar  patt- 
ern of  pressure  at  the  base  of  the  clearance  circle,  Fig.  7b.  The  secondary  pressure 
peak  was  due  to  the  rotor  centre  moving  round  the  tail  T of  the  orbits  indicated  in  Figs. 

6 and  7a.  ,A  pronounced  nega t i ve-pressure  region  can  also  be  observed  amounting  to  about 
-40  lbf/in  (-276  kN/m^).  This  confirms  that  not  only  can  the  oil  in  the  squeeze-film  sup- 
port subatmospheric  pressures  but  tension  forces  also  must  exist.  The  heights  of  the  main 
pressure  peaks  are  considerably  less  than  predicted  in  Fig. 7a.  The  implication  of  this  is 
that  the  shaft  is  subjected  to  much  smaller  squeeze-film  forces  than  the  theoretical  anal- 
ysis would  suggest,  a feature  also  noted  by  White  [3].  A modification  of  the  theoretical 
model  to  allow  for  «xpc r imen t al 1 v observed  limitations  to  the  maximum  and  minimum  pressures 
resulted  in  a general  lowering  of  the  vibration  orbit  in  the  clearance  circle.  This  agreed 
with  experimental  finding  as  a comparison  of  the  orbits  of  Figs. 6 and  7a  will  show.  As 
to  the  reason  for  the  observed  low  positive  pressure  peaks,  the  indications  arc  that  cavi- 
tation bubbles  trapped  in  the  squeeze-film  are  responsible,  a reason  suggested  by  White 
[31.  Unlike  a normal  turbine  bearing  in  which  the  journal  rotates,  there  is  no  effective 
inducement  for  such  bubbles  to  remove  themselves  except  by  the  presence  of  a sufficient 
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supply  pressure.  On  occasions  when  they  did  appear  to  v«nt  fully,  the  experimental 
vibration  orbit  was  seen  to  suddenly  jump  to  a somewhat  greater  size,  higher  in  the 
clearance  circle. 

CONCLUSIONS 

For  the  application  in  which  the  squeeze-film  is  relied  upon  to  provide  damping  only, 
and  where  the  rotor  load  is  carried  by  a retainer  spring  support  system,  equations  have 
been  presented  from  which  an  estimate  can  be  made  of  vibration  amplitude  and  of  the  force 
transmitted  to  the  engine  frame.  Cavitation  is  shown  to  have  a deleterious  effect. 

Where  the  squeeze-film  is  relied  upon  to  provide  a load-carrying  capability  as  well 
as  damping, cavitation  must  be  allowed  to  be  generated  in  the  film.  A comparison  of 
predicted  and  experimental  vibration  orbits  for  given  values  of  Q,  Q and  6 showed  that  a 
a theoretical  model  based  on  a squeeze- f ilm  allowing  a limited  negative  gauge  pressure 
gave  reliable  predictions  of  vibration  orbits  and  a qualitative  indication  of  dynamic 
pressure.  The  effect  of  the  negative  oil  pressure  is  to  draw  the  journal  down  towards  the 
bottom  point  of  the  clearance  circle.  Observations  that  increase  in’supply  pressure  had 
£ similar  effect  were  consistent  with  this  view  as  such  an  increase  results  in  a reduced 
cavitation  region.  Fig.4d  shows  that  in  the  limiting  case  of  a 2ir  squeeze-film  no  orbit 
is  established  and  the  shaft  centre  merely  spirals  downward  to  reach  the  bottom  point  of 
the  clearance  circle  at  time  equals  infinity.  The  use  of  the  negative  pressure  factor  b 
has  enabled  a qualitative  understanding  to  be  reached  of  the  feasibility  of  the  squeeze- 
film  bearing  as  a load-carrying  member.  The  value  of  this  factor  probably  depends  upon 
the  operating  conditions,  notably  the  static  load.  A considerable  amount  of  research 
work,  both  theoretical  [8], [9], [10]  and  experimental  [ll]  - [17]  is  now  taking  place  and 
it  is  recommended  that  particular  attention  be  paid  to  the  role  of  subatmospheric  squeeze- 
film  pressures  in  governing  bearing  performance.  It  is  concluded  that  such  a bearing  is 
worth  exploiting,  due  to  its  simplicity,  in  gas-turbine  construction,  provided  that  care 
is  taken  to  ensure  that  the  forces  transmitted  to  the  engine  frame  [7]  are  not  excessive. 
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DISCUSSION 

M.Botnian,  Canada 

• Was  ,he  leakage  of  oil  through  the  sides  of  the  damper  measured  or  taken  into  account  in  the  analysis’  Possibly 

th's  «Pl>'"  ‘he  difference  found  in  the  experimental  and  theoretical  peak  pressures  V 

• What  is  the  physical  explanation  of  the  double  humps  found  in  the  experimental  pressures? 

Author’s  Reply 

I would  like  to  thank  Mr  Botman  for  his  comments  and  I am  very  pleased  to  answer  them,  as  follows: 

I he  numerical  method  adopted  in  the  computed  solutions  takes  as  its  starting  point  the  Reynolds  lubrication  eaua 
lion  which  automatically  allows  tor  oil  circulation,  both  axially  and  circumferentially.  Oil  (low  was  not  measured 
experimentally  since  it  could  only  have  revealed  an  aggregate  effect  rather  than  time  variations. 

0M-r s“a! ^ beSt  anSWe;eJ  Wi,h  referenCe  *°  Fi»ure  7a‘  w"ere  it  can  be  seen  .ha,  for 
bwhi  ,7  , dynamic  pressure  and  the  journal  centre  progresses  around  the  tail  T of  the  orbit 

a s,ieh'  iTieration  ami  * is  t,,is  «"■«  •«««»*  *«««  «he 

starts  once  again  to  rise  as  cot  increases  and  the  journal  centre  drops  lower  in  the  clearance  circle. 
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SUMMARY 

An  experimental  method  of  modal  analysis  is  described  which  is  based  on  impulse 
excitation.  Due  to  low  damping  the  application  to  free-standing  turbomachinery  blading 
requires  special  care  in  the  digital  processing  of  the  data.  The  modal  behaviour  parti- 
cularly with  respect  to  bending  and  torsional  coupling  is  demonstrated  using  a subsonic 
compressor  blade  as  an  example.  Measured  damping  coefficients  and  inter-modal  phase 
differences  are  discussed.  Applications  of  the  quantitative  results  of  stress  -esponses 
to  point  excitation  are  illustrated.  Thus  stresses  due  to  various  assumed  loads  allow 
one  to  judge  the  importance  of  higher  modes,  stress  ratios  for  various  modes  can  be  an 
aid  to  failure  analysis,  and  multiple  strain  measurements  can  yield  an  estimate  of  aero- 
dynamic loads. 
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Resonance  frequency  of  r mode 
Fourier  transform  of  force  signal  at  location  k 
Damping  coefficient  for  structural  damping  model 
Extracted  damping  coefficients  prior  to  averaging 

Transfer  function,  response  at  gage  location  i due  to  impulse  at  location  k 
Imaginary  unit 
Blade  length 

Number  of  data  points  around  a resonance  frequency  to  be  included  for  modal 
extraction,  usually  N » 5 

Mode  index 

Radius  of  circle,  see  Fig.  7 
Time 

Time  window 

Magnitude  of  modal  parameter  for  force  location  k 
Artificial  damping  coefficient 

Modal  stress  ratio  between  reference  gage  location  i and  gage  location  p 

Fourier  transform  of  strain  signal  at  gage  location  i 

Modal  damping  ratio  for  viscoelastic  model 

Phase  angle  of  transfer  function 

Calculated  stress  at  location  p 

Angle,  see  Fig.  7 

Phase  of  modal  parameter  for  force  location  k 
Modal  vector  with  elements  Ujcre''*)tr 
Circular  frequency 

th 


Circular  resonance  frequency  of  r mode 


INTRODUCTION 


In  recent  times  modal  analysis  by  impact  testing  has  become  a widely  used  tool  for 
the  treatment  of  vibration  problems.  It  allows  one  to  investigate  complex  structures 
which  are  difficult  to  model  analytically.  For  Industrial  application  to  turbomachinery 
blading  the  modal  analysis  must  be  simple  and  fast.  In  addition  special  problems  in  data 
acquisition  and  analysis  techniques,  due  to  the  small  size  and  low  damping  of  blades, 
must  be  overcome. 

This  paper  describes  the  various  problems  and  possible  solutions  and  illustrates 
the  successful  application  to  a particular  blade. 


METHOD  OF  TESTING 
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2. 

2.1.  Measurement  of  transfer  functions 

The  transfer  functions  between  dynamic  strain  and  force  at  desired  locations  on  the 
blade  are  obtained  by  impulse  excitation.  As  Fig.  1 shows  the  excitation  pulse  (force) 
and  the  response  signal  (strain)  are  filtered,  digitized  and  transformed  into  the  frequency 
domain.  The  transfer  function  is  determined  as: 


e . (u>)  e.  (a>)  F (u>) 

Hik<“»  = T^>  = ■ |FkJ|2  (1> 

Conceptually  simple  the  method  poses  some  special  problems  when  applied  to  such  light 
structures  as  turbomachinery  blading.  The  impulse  must  be  quite  short  to  excite  the 
entire  desired  range  of  frequencies,  often  up  to  5 kHz.  At  the  tip  the  blades  are  of 
relatively  low  mechanical  impedance.  Thus  a sharp  force  pulse  can  only  be  obtained  with 
a hammer  of  small  mass.  A piezoelectric  load  cell  (e.g.  Kistler,  Type  9213)  works  well. 

A small  tip,  made  from  Nylon,  is  attached  with  wax.  Additional  weights  can  be  screwed 
to  the  back  (Fig.  2).  Due  to  the  mass  in  front  of  the  piezoelectric  element  the  sensitivity 
must  be  obtained  from  a dynamic  calibration.  Either  the  acceleration  of  a softly  suspended 
mass  can  be  measured,  when  hit  with  the  hammer  or  alternatively  an  other,  small,  stiff 
piezoelectric  load  cell  placed  on  a stiff  support  can  be  hit  directly  for  calibration 
purposes.  Figure  3 shows  the  dynamic  sensitivity  of  the  hammer  used  for  various  added 
weights.  Figure  4 shows  typical  excitation  pulses  and  their  spectra  obtained  from  the  blade 
of  Fig.  10.  The  hammer  with  2 grams  of  added  mass  yields  acceptable  results;  although  a 
loss  of  force  towards  the  tip  of  the  blade  (point  52)  at  high  frequencies  is  apparent. 

When  adding  5 grams  of  mass  to  the  hammer  an  unacceptable  double  pulse  appears  at  the  tip. 
Careful  matching  of  the  hammer  mass  and  tip  elasticity  to  the  particular  blade  under  test 
is  essential.  For  a well  defined  excitation  the  blade  can  only  be  hit  perpendicular  to 
the  blade  surface,  including  blows  straight  on  the  leading  and  trailing  edges.  For  twisted 
blades  therefore  a cylindrical  coordinate  system  must  be  used. 

To  improve  the  signal-to-noise  ratio  a time  window  is  used  over  the  excitation  pulse 
(Fig.  5).  Further  semi-conductor  strain  gages  are  used  in  a constant  current  circuit.  The 
gage  must  be  placed  where  it  will  be  sensitive  to  all  modes  to  be  investigated.  Normally 
the  trailing  edge  near  the  root  is  chosen  with  the  gage  sensitive  axis  oriented  along  the 
blade  height.  Usually  5 blows  are  averaged  for  one  transfer  function. 

To  obtain  sufficient  resolution  for  the  modal  analysis  the  data  block  must  be  at 
least  of  size  2048  points  in  the  time  domain.  Zoom  transforms  are  not  considered  practical 
for  blades  as  individual  testing  for  each  mode  leads  to  excessive  measuring  and  analysis 
time.  A continuous  check  of  signal-to-noise  ratio  and  repeatable  excitation  is  necessary. 

The  coherence  function  is,  therefore,  displayed  on  a screen  together  with  the  transfer  func- 
tion. When  accepted,  all  transfer  functions  are  stored  on  disc  together  with  the  location 
and  coordinate  direction  of  excitation.  A certain  transfer  function  can  be  assigned  to 
more  than  one  location  to  allow  one  to  display  the  motion  of  points  in  directions  which 
are  not  excitable.  For  example  the  motion  of  point  42  in  the  chord-direction  would  be 
obtained  from  the  transfer  function  measured  at  point  41  in  the  chord-direction  (Fig.  10). 

The  two  channel  analysis  as  described  has  been  implemented  on  a commercially  available 
minicomputer  based  system  (Time/Data  TDA-1L)  programmed  with  TSL  (Time  Series  Language  by 
Time/Data) . Examples  of  transfer  functions  and  corresponding  coherence  functions  from  the 
blade  of  Fig.  10  are  shown  in  Fig.  6.  The  stress  levels  indicated  were  obtained  from  the 
strain  simply  by  multiplication  with  the  modulus  of  elasticity. 

2.2.  Modal  analysis 

For  each  resonance  the  frequency  fr,  damping  ratio  £r<  magnitude  Ur  and  phase  ®r  is 
now  extracted  from  the  transfer  functions.  After  evaluation  of  a number  of  other  methods 
we  found  that  an  extraction  method  based  on  the  work  of  Kennedy  and  Pancu  |1)  is  well 
suited  for  blades;  since  their  damping  is  usually  low  and  their  resonance  frequencies  are 
sufficiently  spaced.  The  extraction  method  used  follows  in  part  Ref.  [2]. 

Employing  the  structural  damping  model,  the  transfer  function,  written  for  a specific 
mode,  r,  is 


J®r 


f'“'r 


+ K 


+ 3g„ 


(2) 


Near  u>  = u>r  the  transfer  function  is  dominated  by  the  r1"*1  mode,  and  the  contribution  of 
all  other  modes,  K,  is  assumed  to  be  constant  with  frequency.  It  can  then  be  shown,  e.g. 
(21,  that  ^(<a)  describes  a circle  in  the  complex  plane  (Fig.  7).  Its  radius  R and  center 
coordinates  x0,  yQ  are  obtained  from  a circle  fitted  to  the  N data  points,  employing  a 
least  square  error  condition,  leading  to  the  set  of  linear  equations 
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x,y  = coordinates  of  the  N data 

points  in  the  complex  plane. 
Summation  over  N points. 


The  resonance  frequency  tor  is  obtained  from  the  minimum  of  the  function  (<j>)  . 
The  differentiation  is  approximated  by  a finite  difference 
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du  m 

dip 


M1  ~ “i-l 
“’i  " *i-l 


•i  + Vi-1 


The  minimum  is  found  from  fitting  a polynome 


y = Aip  + Bip  + C 2 

in  the  least  square  sense  to  the  N-l  values  of  . The  angle  ipr  corresponding  to  u>r  is 
then  given  by  ipr  = - B/2A.  v 

The  value  for  ur  is  found  by  linear  interpolation  of  the  function  ui(ip)  . From  Eq.  (2)  and 
Fig.  7 it  follows: 

gr 

© - O » arctan  ; rj-  (3) 


The  quantities  ©f  (see  Eq.  7)  and  u>r  are  known,  and  values  for  6 and  co  are  available  as 
data  points.  Thus  gr  can  in  principle  be  obtained  from  any  data  point,  except  io  = u>r . We 
calculate  gr  at  two  frequencies  equally  spaced  around  <»)r  (linear  interpolation  on  one  side 
is  used)  to  yield  gr|  and  gr2 . The  following  quantities  are  printed  out  and  further  used: 


Frequency: 


f 

r 2n 


Damping  ratio:  Cr  “ y 9r^-  “ y9r  (near  res.)  with  gf  - y ( gfl  + 9r2)  (5) 


Magnitude: 


Ur  = 2gr  R 


®r  = y n + ipr 


(see  Fig.  7) 


Three  tests  are  made  to  ensure  proper  extraction  of  the  modal  parameters: 

- check  of  circle  fit:  0.8  < < 1.2  (see  Fig.  7) 

- check  of  phase:  ipr  within  range  of  ip  for  N data  points 

- check  of  damping:  | gr2  " 9ri|  < 0,2  gr 

Prior  to  modal  extraction  the  impulse  response  as  obtained  from  the  transfer  function 
(by  inverse  Fourier  transform)  is  multiplied  by  an  exponential  time  window,  exp-Tj^.  Thus  an 
artificial  but  known  damping  is  introduced  for  which  the  extracted  modal  parameters  are 
corrected.  For  lightly  damped  modes  the  extraction  does  not  work  without  this  exponential 
window.  Numerically  the  application  of  the  time  window  directly  to  the  response  of  the 
structure  after  each  impact  would  be  preferable,  but  this  precludes  the  possibility  of 
experimenting  with  various  time  constants  for  the  modal  extraction.  Figure  8 shows  an 
impulse  response  and  a transfer  function  without  and  with  an  exponential  window  applied. 
Corresponding  listings  of  the  extracted  modal  parameters  are  shown  in  Table  1.  Here  - as 
for  most  analysis  - 5 data  points  are  used  for  the  extraction  (N  = 5) . Without  window 
modes  number  1,  3,  4,  6 and  8 could  not  be  extracted  (error  condition  3 is  indicated). 

The  parameters  of  the  remaining  modes  are  only  slightly  affected  by  the  time  window  with 
a = 2.5,  which  allows  extraction  of  all  modes  for  this  case. 

The  ability  of  the  extraction  method  to  separate  fairly  close  resonances  has  been 
checked  by  analyzing  computed  transfer  functions  for  a two  degree  of  freedom  system. 

Figure  9 shows  such  a transfer  function  where  the  two  peaks  are  separated  by  10  frequency 
lines  only.  The  extracted  values  agree  quite  well  with  the  true  values. 

To  improve  the  accuracy  of  the  modal  parameters,  after  modal  extraction  is  completed, 
the  resonance  frequencies  and  the  damping  ratios  for  each  mode  are  averaged  over  all  mea- 
suring locations  of  the  entire  structure.  Furthermore,  the  magnitudes  are  corrected  to 
correspond  to  the  averaged  damping  ratios  (Eq.  6) . After  the  initial  estimation  of  the 
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resonance  frequencies  to  be  analyzed  and  after  selection  of  a proper  exponential  time 
window  (usually  a = 2 to  4)  the  modal  extraction  for  all  transfer  functions  runs  fully 
automatic.  If  one  of  the  error  conditions  is  encountered,  e.g.  due  to  insufficient  signal- 
to-noise  ratio  for  points  near  a nodal  line,  the  automatic  analysis  continues,  but  the 
corresponding  magnitude  is  set  to  zero.  This  poses  no  problem  for  the  subsequent  display 
of  the  mode  shapes  as  the  true  magnitude  would  have  been  small  anyway.  After  all  modal 
parameters  for  the  structure  are  extracted  the  magnitudes  and  phases  are  automatically 
formed  into  animated  mode  shape  pictures  and  are  displayed  on  the  screen.  For  the  display, 
part  of  a commercially  available  program  (MESA  by  Time/Data)  is  used. 

The  measurements  and  the  analysis  of  a blade  with  about  50  locations,  each  excited 
in  two  coordinate  directions,  takes  about  one  day. 


3.  AN  EXAMPLE 

The  blade  of  Fig.  10  was  analyzed  for  6 different  blade  lengths.  Fig.  11  shows  the 
resonance  frequencies.  As  expected  the  resonance  frequencies  of  the  bending  modes  follow 
approximately  a L-2-law  (slope  -2  on  log-log  graph  of  Fig.  11),  whereas  the  resonance 
frequencies  of  the  torsional  modes  follow  approximately  a L“^-law  (slope  -1) . This  lead? 
to  "crossover "-points  which  in  reality  can  not  exist;  since  no  two  modes  can  have  the 
same  resonance  frequency  when  coupling  is  present.  In  the  "crossover"  region  the  frequen- 
cies approach  each  other  to  a degree  which  depends  on  the  modal  coupling.  The  mode  shapes 
of  the  approaching  modes  combine  to  coupled  motions.  On  Fig.  11  the  second  bending,  first 
torsional  and  edgewise  modes  approach  each  other  in  the  region  of  90  to  130  mm  blade 
length.  In  the  same  region  the  third  bending  mode  changes  over  to  the  second  torsional 
mode.  This  is  shown  in  Fig.  12  and  is  clearly  illustrated  in  the  movie  which  is  part  of 
the  presentation  of  this  paper. 

Some  interesting  observations  can  be  made  on  the  damping  ratios  and  the  range  of 
phase  angles  of  a certain  mode  (Fig.  13) : 

- The  damping  ratios  vary  over  a range  of  more  than  1 : 50  with  the  first  bending  and  the 
first  torsional  modes  showing  the  smallest,  the  edgewise  and  the  coupled  modes  the  highest 
damping . 

- There  exists  a fairly  good  correlation  between  the  range  of  phase  angles  for  a certain 
mode  and  the  damping,  the  range  of  phase  angles  increasing  with  the  damping. 

- Above  a certain  damping  ratio  - somewhere  around  V2  to  1 % of  critical  damping  - most 
mode  shapes  must  be  treated  as  complex  modes,  i.e.  the  assumption  of  real  modes  with 
all  motions  in  phase  or  out-of-phase  is  insufficient. 

Obviously  the  measured  damping  ratios  and  possibly  some  of  the  observations  made  should 
not  be  applied  to  blades  under  operating  conditions  without  further  considerations  such 
as  damping  in  the  blade  root,  aerodynamic  damping  and  increase  in  damping  at  higher  stress 
levels  for  certain  materials. 


4 . APPLICATIONS 

With  the  modal  parameters  known  for  the  desired  number  of  modes,  M,  and  assuming  a 
viscoelastic  model  the  stress  can  be  expressed  as 


The  factor  Ypr  describes  the  modal  stress  ratio  between  a gage  location,  p,  considered 
on  the  blade  and  the  location  of  the  strain  gage,  i,  used  for  the  modal  analysis. 

The  modal  vector  {Vr}  contains  the  complex  modal  parameters  with  magnitude  Ukr  and  phase 
®kr  according  to  equation  (2) . Near  resonance  the  contribution  of  all  other  modes  becomes 
negligible  and  therefore  summing  up  can  be  omitted. 

In  a first  example  the  results  of  the  modal  analysis  are  used  to  determine  the  reso- 
nance stresses  at  a certain  location  on  the  blade  as  a function  of  modal  number  and  blade 
length.  The  blade  considered  is  shown  in  Fig.  10.  Its  qualitative  vibrational  behaviour 
is  discussed  in  section  3.  As  reference  point  for  the  stress  comparison  the  location  of 
the  strain  gage  used  for  the  transfer  analysis  was  chosen  (trailing  edge,  concave  side 
near  the  root) . For  each  blade  length  investigated  and  its  corresponding  modes  the  product 
of  modal  vector  and  excitation  vector  is  formed  and  related  to  the  calculated  value  for 
the  first  bending  mode  (modal  stress  ratio) . The  results  of  this  evaluation  for  three 
different  cases  of  dynamic  loading  are  presented  in  Fig.  14,  namely 

a)  Equally  distributed  dynamic  in-phase  load,  orthogonal  to  blade  chord. 

b)  Equal  dynamic  in-phase  load  along  blade  tip,  orthogonal  to  blade  chord. 

c)  Equal  dynamic  in-phase  load  along  leading  edge,  orthogonal  to  blade  chord 


As  to  be  expected  the  change  in  mode  shapes  with  different  blade  lengths  is  manifested 
quantitatively  as  a variation  of  modal  stress  ratios.  The  results  basically  give  expression 
to  the  fact  that  - disregarding  a possible  mode  shape  dependence  of  the  overall  damping 
in  an  engine  - stresses  at  higher  modes  may  be  significant  when  excited  at  resonance. 

The  modal  analysis  also  finds  applications  to  investigations  associated  with  fatigue 
failures  of  turbomachinery  blading.  When  searching  for  the  excitation  source  it  is  essen- 
tial to  find  out  the  vibration  mode  under  which  the  failure  originated.  For  that  purpose 
the  modal  analysis  yields  the  stress  ratio  between  the  failure  location  and  another  charac- 
teristic position  on  the  blade,  usually  the  point  of  maximum  stress  under  fundamental  vi- 
bration. The  following  example  shows  values  of  the  stress  ratios  between  the  failure  loca- 
tion at  the  trailing  edge  and  the  point  of  maximum  stress  for  the  first  bending  mode  for 
a compressor  blade. 

Vibration  mode  12345 

Resonance  frequency  [Hz)  660  2300  3300  4100  6500 

Stress  ratio  0.5  2.8  0.3  2.0  8 

These  figures  lead  to  the  conclusion  that  mode  1 and  mode  3 vibrations  are  unlikely  to 
cause  a fatigue  failure  at  the  trailing  edge.  This  holds  true  as  long  as  both  locations 
are  of  equivalent  strength,  that  is  different  stress  concentrations  or  metallurgical 
properties  do  not  exist. 

The  estimate  of  unsteady  aerodynamic  loads  is  a further  example  for  the  application 
of  modal  analysis.  If  a number  of  strain  gages  are  placed  on  a blade  in  such  a manner 
that  each  one  is  particularly  sensitive  to  a certain  mode  then  it  is  possible  in  principle 
to  determine  the  intensity  of  each  considered  mode.  Furthermore,  some  information  about 
the  unsteady  aerodynamic  load  on  the  blade  can  be  gained;  since  each  mode  has  a correspon- 
ding spatial  sensitivity  to  the  applied  dynamic  load.  Obviously  the  load  distribution  can 
at  best  be  determined  as  an  average  pressure  in  as  many  regions  as  there  are  modes  to 
"sense"  the  pressure.  Alternatively  the  strength  of  the  same  number  of  assumed  orthogonal 
pressure  distributions  can  be  determined.  Experiments  and  numerical  simulations  for  such 
a procedure  have  shown  that  it  only  works,  with  acceptable  uncertainties,  in  a narrow 
frequency  band  between  some  neighbouring  resonance  frequencies,  i.e.  where  no  single  mode 
dominates  the  response. 


5 . CONCLUSIONS 

Although  modal  analysis  by  impact  testing  has  become  a widely  used  tool  for  the 
treatment  of  vibration  problems,  its  application  to  light  structures  such  as  the  blades 
of  turbomachines  raises  a few  special  difficulties.  For  example,  careful  matching  of  the 
hammer  mass  and  tip  elasticity  to  the  particular  blade  under  test,  and  the  introduction 
of  artificial  damping  for  the  modal  extraction  is  shown  to  be  essential.  Because  of  the 
excessive  measuring  and  analysis  time  involved  zoom  transforms  are  not  considered  practical 
for  industrial  application  to  blades.  Thus  it  is  necessary  to  use  a large  data  block  and 
a modal  extraction  method  working  successfully  on  relatively  widely  spaced  frequency 
lines.  Also  the  modal  extraction  as  well  as  the  synthesis  of  the  animated  mode  shape  pic- 
tures should  run  fully  automatically. 

The  modal  analysis  of  a compressor  blade  showed  complicated  mode  shapes  for  blade 
lengths  for  which  two  or  more  resonance  frequencies  are  close  together.  Damping  of  the 
various  modes  was  found  to  vary  strongly.  Most  modes  with  damping  ratios  above  V2  to  1 % 
of  critical  damping  showed  complex  modal  behaviour,  i.e.  the  assumption  of  real  modes  with 
all  motions  either  in  phase  or  out-of-phase  is  insufficient. 
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Fig.  2 Fig.  3 

Hammer  with  load  cell  Kistler  Type  9213.  Dynamic  sensitivity  of  the  hammer  as  a 

function  of  the  added  mass. 
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Fig.  4 


Force  pulses  and  their  frequency  spectra, 

a)  2 grams  of  added  mass 

b)  5 grams  of  added  mass 
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Calculated  transfer  function  for  a 
2-degree  ot  freedom  system  with  close 
resonance  frequencies,  and  listing  of 
extracted  modal  parameters.  True  values 
are  ‘(0  and  100  It*  for  frequency,  1.0 
for  maqnttude  (BET RAO)  , 0 and  180°  for 
phase  and  0.01  for  damping  ratio. 
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Fig.  10  Pin.  11 

Compressor  blade  analysed  for  various  lengths.  Resonance  Irnquencles  of  the  blade  of 

Flq.  10.  Numbers  refer  to  mode  shapes 
In  Fig.  12. 

It  - bending  mode 
T • torsional  mode 
S • edgewise  mode 
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Fig-  14  Modal  stress  ratio  at  trailing  edge,  with  reference  to  first  mode. 

Modal  numbers  M2  to  M5  refer  to  Fig.  11. 

a)  Equally  distributed  dynamic  in-phase  load,  orthogonal  to  blade  chord 

b)  Equal  dynamic  in-phase  load  along  blade  tip,  orthogonal  to  blade  chord 

c)  Equal  dynamic  in-phase  load  along  leading  edge,  orthogonal  to  blade  chord 

d)  Section  of  Fig.  14c,  using  same  scale  as  Fig.  14a  and  14b. 
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DISCUSSION 


E.K. Armstrong,  UK 

1 should  like  to  enquire  further  about  the  method  excitation  to  obtain  the  response  in  the  direction  of  the  blade 
chords.  Were  any  special  precautions  taken  and  how  was  the  data  obtained  for  the  point  along  the  blade  chord? 

Author's  Reply 

No  extra  precautions  were  taken  for  the  excitation  in  the  chord  direction  other  than  special  care  and  some 
experience  on  the  part  of  the  operator.  It  is  important  to  maintain  a good  coherence  function.  For  twisted  blades  a 
cylindrical  coordinate  system  is  used  in  order  to  keep  the  excitation  in  the  chord  direction  over  the  entire  blade 
height.  Excitation  is  done  only  at  the  stiffer  edge,  the  remaining  points  along  the  chord  being  assigned  the  same 
transfer  function. 


R. Holmes,  UK 

I would  like  to  congratulate  the  authors  on  an  excellent  paper  and  to  ask  the  following  question.  Does  the  nature  of 
a compressor  blade  preclude  the  use  of  contact  methods  of  excitation  such  as  PRBS  testing,  which  should  theoreti- 
cally give  a fuller  frequency  spectrum  in  the  excitation? 

Author’s  Reply 

For  the  small  lightweight  blades  which  were  tested  mechanical  attachments  would  seriously  distort  the  mode  shape 
especially  the  higher  ones.  It  is  recognized  that  excitation  methods  other  than  impulses  can  lead  to  more  accurate 
transfer  functions  and  should  indeed  be  used  if  possible.  Excitation  methods  which  require  mechanical  attachments 
however  are  usually  more  time-consuming  and  thus  the  simple  excitation  with  hammers  may  be  justified  for  modal 
surveys  even  for  large  structures. 
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ABSTRACT 

Presented  are  the  results  of  tests  that  were  conducted  to  develop  guidelines  for  the  weight  optimum 
design  of  turbine  rotor  burst  fragment  containment  rings.  The  ring  materials  used  for  each  of  the  several 
ring  configurations  were  Kevlar  29  cloth,  centrlfugally  cast  4130  steel  and  colled  304  stainless  steel. 

A comparative  assessment  of  the  containment  capability  for  each  material  Is  provided  In  terms  of  a 
specific  energy  variable  that  was  developed  for  this  purpose. Also  Included  in  this  assessment'  Is  the 
effect  of  the  number  of  equal  pie  sector  shaped  fragments  on  the  ring  containment  capability. 


SUMMARY 

Presented  are  the  results  of  systematic  experimentation  conducted  to  provide  design  guidelines  for 
turbine  rotor  fragment  containment  rings.  The  experiments  consisted  of  a series  of  rotor  burst  containment 
tests  in  which  rotors  of  two  different  diameters  were  modified  to  ensure  burst  at  their  respective  design 
speed  into  various  numbers  (2,  3 and  6)  of  pie-sector  fragments.  These  fragments,  for  the  base  design 
evaluation,  Impacted  rings  made  from  4130  cast  steel  that  concentrically  encircle  the  rotors  at  a radial 
clearance  of  0.3  Inches.  The  ring  axial  lengths  were  varied  In  three  steps  of  0.5,  1 and  2 times  the 
axial  length  of  the  rotors  and  their  radial  thickness  was  varied  until  fragment  containment  was  achieved. 
Explanation  of  the  data  illustrates  how  the  experimental  results  could  be  used  by  designers  to  determine 
the  size  and  weight  ring  required  to  contain  the  fragments  of  a particular  rotor.  In  addition,  a 
comparison  is  made  between  the  containment  capability  of  cast  4130  steel  rings  and  rings  made  from 
Kevlar  29  cloth  and  coiled  304  stainless  steel. 

SYMBOLS 

SCFE  specific  contained  fragment  energy 

Rl  containment  ring  Inner  radius,  in;  m 

KEr  kinetic  energy  of  rotor  at  burst,  in- lb;  J 

P ring  material  density,  lb/in^;  kg/m^ 

Lug  containment  ring  axial  length,  in;  m 

Lrt  rotor  rim  axial  length,  in;  m 

WR  containment  ring  weight,  lb;  kg 

t ring  radial  thickness 

t*  ring  radial  thickness  required  for  containment,  in;  m 

ALR  containment  ring  to  rotor  axial  length  ratio 

NF  number  of  fragments 

IDg  Inside  diameter  of  containment  ring.  In;  m 


INTRODUCTION 

The  Rotor  Burst  Protection  Program  (RBPP)  is  sponsored  by  the  National  Aeronautics  and  Space 
Administration  (NASA)  and  conducted  by  the  Naval  Air  Propulsion  Center  (NAPC)  in  conjunction  with  the 
Massachusetts  Institute  of  Technology  (MIT).  The  objective  of  the  program  is  to  develop  guidelines 
for  the  design  of  lightweight  devices  that  can  be  used  on  aircraft  to  protect  passengers  and  the  aircraft 
structure  from  the  fragments  of  failed  gas  turbine  engine  rotating  components. 


SPIN  FACILITY  DESCRIPTION 

The  experimental  testing  to  support  this  program  is  being  conducted  in  the  NAPC  Rotor  Spin  Facility 
shown  In  figure  1.  The  facility  has  two  spin  chambers;  the  smaller  of  which  can  accommodate  rotors  up  to 
40  inches  (1.02m)  in  diameter  and  has  a working  height  of  32  Inches  (0.813m).  The  larger  chamber,  which 
was  used  for  the  effort  described  in  this  paper,  Is  comprised  of  a heavy  walled  (1  inch  thick)  vacuum 
vessel  that  is  protected  by  a 5-inch  thick  laminated  steel  inner  liner.  The  working  space,  within  the 
Inner  liner.  Is  10  feet  (3.05m)  In  diameter  with  a height  of  6 feet  (1.83m).  It  was  designed  to 
accommodate  rotors  of  the  largest  aircraft  engines  and  has  access  ports  for  optical  and  electrical 
Instrumentation.  In  a typical  test  situation  the  rotor/blade  to  be  intentionally  failed  is  suspended 
vertically  from  an  air  turbine  drive  motor  which  mounts  on  the  chamber  lid  as  shown  in  figure  2.  A 
family  of  air  turbine  drive  motors  are  available  to  produce  rotor  speeds  up  to  150,000  rpm  (15,700  rad/s). 
To  minimize  the  power  required  to  accelerate  the  rotors  to  failure,  the  test  chamber  Is  evacuated  during 
test  to  produce  a vacuum  of  approximately  10mm  Hg. 

The  high-speed  photo  system,  which  documents  the  failure  mechanics,  is  comprised  of  a continuous 
framing  camera  and  photo  lighting  unit.  The  camera  Is  capable  of  producing  225  sequentual  pictures  at  a 
framing  rate  of  35,000  frames  per  second.  The  lighting  unit  has  an  output  of  12  million  beam  candlepower. 
These  are  just  a few  of  the  unique  features  of  the  facility. 
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PROCRAM  DESCRIPTION 

A test  program  was  established  to  develop  empirical  guidelines  for  the  design  of  minimum  weight 
turbine  rotor  fragment  containment  rings  made  from  various  materials.  This  paper  reports  on  the  testing 
conducted  to  develop  the  empirical  relationships  and  design  guidelines  using  cast  4130  steel  as  a baseline 
and  presents  the  comparltlve  containment  capability  of  colled  304  stainless  steel  and  Kevlar  29  cloth. 

Empirical  design  guidelines  were  developed  by  experimentally  establishing  the  relationship  between  a 
variable  that  provides  a measure  of  a ring's  capability  to  contain  fragments  and  several  other  variables 
that  provide  the  configurational  characteristics  of  the  rotor  fragments  and  containment  ring.  Prior 
exploratory  testing  Identified  those  variables  which  had  a significant  Influence  on  the  containment  process 
and  Identified  a variable  that  could  be  used  as  a measure  of  containment  ring  capability. 

The  variable  that  provided  this  measure  of  containment  ring  capability  wan  termed  the  Specific 
Contained  Fragment  Energy  (SCFE)  and  was  derived,  by  dividing  the  rotor's  kinetic  energy  aO  burst  by  the 
ring  weight  which  will  contain  this  energy  (SCFE  • ker  ~ WR). 

The  four  ring  and  rotor  characteristics  chosen  for  test  because  of  their  suspected  Influence  on  the 

containment  process  and  the  range  of  each  of  these  variables  are  listed  below: 

a.  The  ring  Inner  diameter  (IDp)  . Two  diameters,  one  approximately  twice  as  large  as  the  other 
(31.64  Inches  (0.804m)  and  IS  Inches  (0.381m))  were  used  for  test  with  rotors  having  correspondingly 
larger  and  smaller  tip  to  tip  diameters  (the  CW  J6S  and  CE  TS8  engine  turbine  rotors  having  tip  to  tip 
diameters  of  30.64  Inches  (0.778  m)  and  14  Inches  (0.3S6  m)  respectively).  The  burst  energies  of  these 
rotors  at  their  nominal  designed  operating  speed  were  10^  and  10®  ln-lbs  (35100  J and  3510  J)  for  the 
larger  and  smaller  rotor,  respectively.  For  each  size  rotor  the  fragment  energy  was  held  constant,  from 
test  to  test,  by  holding  speed  constant  and  only  varying  the  number  of  fragments  generated. 

b.  The  ring  axial  length  (LRG).  Three  lengths  were  used  that  corresponded  to  0.5,  1 and  2 times 

the  rim  axial  lengths  of  the  large  and  small  rotors  which  were  nominally  1.25  and  1 Inch  (0.032  m and 

0.0254  m) , respectively. 

c.  The  number  of  rotor  fragments  generated  at  burst  (NF).  The  rotors  were  modified  to  fall  at  their 
respective  design  operating  speeds  of  8,500  rpm  (890.  rad/s)  for  the  J65  rotor  and  20,000  rpm  (2094  rad/s) 
for  the  T58  rotor  and  to  produce  6,  3 or  2 pie-sector  fragments. 

d.  The  rlnR  radial  thickness  (t).  The  ring  thickness  was  varied  until  fragment  containment  was 
achieved  for  the  different  combinations  of  ring  inner  diameter;  ring  axial  length;  and  number  of  rotor 
fragments. 

The  resultant  test  matrix  is  shorn  in  figure  3;  and  the  procedure  for  ring  thickness  variation 
to  achieve  containment  Is  shown  schematically  In  figure  4. 

Other  variables  whi:h  would.  In  some  way,  influence  the  magnitude  and  orientation  of  the  forces  that 
create  the  deformations  and  displacements  of  the  ring  and  rotor  fragments,  and  therefore  affect  the 
containment  process  are  as  follows: 

a.  The  mechanical  properties  of  the  rotor  and  ring  materials. 

b.  The  fragment  velocities. 

c.  The  fragment  masses  and  mass  distributions. 

d.  The  rotor-to-rlng  radial  tip  clearance. 

e.  The  rotor  tip-to-hub  diameter  or  radius  ratio. 

Although  these  factors  would  significantly  influence  the  containment  process,  with  the  exception  of 
the  ring  material  used  for  containment,  the  variability  of  these  factors,  as  a function  of  rotor  size, 
is  constrained  within  relatively  narrow  limits  by  the  dictates  of  the  "real  world"  acceptablltv  of  the 
rotor  aerothermal  and  structural  design.  For  all  practical  purposes  then,  for  a given  rotor  size,  these 
factors  would  be  essentially  lnvarlate  and  the  results  generated  by  the  experiments  conducted  would  be 
generally  applicable  to  all  turbines  as  a function  of  rotor  size.  This  would  be  so  because  the  experimental 
scheme  presented  incorporates,  either  purposely  through  the  variables  of  test  or  Inherently  because  actual 
rotors  are  used,  all  of  the  factors  that  could  (with  the  exception  of  ring  material  properties)  significantly 
Influence  the  rotor  fragment  containment  process. 

Although  the  mechanical  properties  of  the  materials  used  to  make  a containment  ring  can  vary  widely 
and  are  considered  to  be  Important  factors  In  containment  ring  design,  the  ring  material  used  for  the 
development  of  empirical  design  guidelines  was  the  same  from  one  test  to  another.  Cast  4130  steel  was 
choosen  because  It  was  readily  available  in  the  centrlfugally  cast  form  which  simplified  fabrication  of 
the  rings  Into  various  radial  thicknesses  and  axial  lengths.  Using  this  material  as  a baseline  allowed 
the  establishment  of  the  effects  of  other  variables  on  the  containment  process  exclusive  of  material 
Influences  and  once  these  effects  were  firmly  established  an  assessment  of  the  Influence  of  various  ring 
materials  were  explored. 

DESIGN  GUIDELINES  SYNTHESIS 

The  functional  relationship  between  the  dependent  (SCFE)  and  Independent  variables  (Al.R,  NF,  ID)  of 
test  are  presented  conceptually  in  figure  5.  Once  these  relationships  are  established  through  test,  they 
provide  the  Information  needed  to  design  an  optimum  weight  ring  for  a turbine  rotor  fragment  containment 
application.  Given  these  relationships,  the  procedure  would  be  as  follows: 
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a.  Three  basic  things  would  have  to  be  known  about  the  rotor  to  proceed  with  the  design 

analysis: 

(1)  The  kinetic  energy  (KER)  of  the  rotor  at  burst. 

(2)  The  rotor  tip  diameter  (IDR). 

(3)  The  rotor  rim  axial  length  (Ini'). 

These  are  characteristics  that  are  usually  known  or  can  be  easily  calculated  by  a designer. 

b.  The  relationships  between  the  SCFE,  the  number  of  fragments,  and  rotor  diameter,  for  constant 
ratios  of  ring  to  rotor  rim  axial  length,  provide  the  information  needed  to  design  the  lightest  weight 
ring  required  to  contain  a particular  type  failure.  For  a given  analysis,  this  value  of  SCFE  would  be 
obtained  from  the  curves  In  figure  5 (or  equations  derived  from  regression  analyses  of  the  data  points 
developed  through  test)  for  the  site  rotor  being  considered;  the  number  of  rotor  fragments  that  result  In 
producing  the  most  adverse  containment  condition  with  respect  to  the  weight  of  ring  (the  lowest  SCFE  value 
In  the  SCFE-NF  plane);  and  the  optimum  ring  to  rotor  rim  axial  length  ratio  (LR(;/LRT  ■ ALR),  which  Is 
represented  by  the  highest  contour  line.  The  SCFE  value  that  Is  obtained  by  this  exercise  Is  divided 

Into  the  total  anticipated  energy  of  the  rotor  to  yield  the  optimum  (lowest)  weight  steel  ring  that  will 
be  required  to  contain  the  fragments.  This  procedure  is  expressed  In  equation  (1). 

Wt  - KEr  (1) 

SCFE 

The  weight  so  derived  Is  then  used  in  the  following  equation  (2)  which  expresses  the  thickness  of  ring 
required  for  containment  as  a function  of  all  other  known  dimensional  variables. 


The  value  of  weight  derived  in  equation  (1)  can  be  substituted  in  equation  (2)  to  yield  perhaps  a more 
useful  form: 


where: 

Ring  Inner  radius  (Rl)  for  practical  considerations,  equals  the  rotor  tip  radius  because  rotor-to- 
caslng  operational  clearances  and  considerations  of  minimum  ring  weight  both  dictate  that  the  ring  and 
rotor  radius  be  almost  equal. 

The  ring  axial  length  (LRG)  is  calculated  by  the  multiplication  of  the  optimum  axial  length  ratio 
(ALR,  value  of  the  highest  contour  in  figure  5)  and  the  rotor  rim  axial  length  LRt# 

c.  This  data  systhesls  and  design  analysis  would  provide  the  lightest  weight  ring  configuration 
(ID,  radial  thickness,  and  axial  length)  that  would  be  needed  to  contain  the  fragments  generated  by  a 
turbine  rotor  burst  of  known  size  and  energy.  The  analysis  is  generally  applicable  to  axial  flow  turbines 
used  in  aircraft  gas  turbine  engines. 

TEST  PROCEDURES 

The  test  set-up  and  procedures  were  basically  the  same  for  each  test  conducted:  Rings  being  evaluated 
for  their  containment  capability,  as  measured  by  the  SCFE,  were  supported  between  rigid  steel  plates  and 
positioned  so  that  they  concentrically  encircled  rotors  that  were  vertically  suspended  (plane  of  rotation 
horizontal)  In  the  spin  chamber  from  the  output  shaft  of  the  air  turbine  motor  used  to  spin  the  rotors  to 
their  burst  speed.  The  steel  plates  were  used  to  prevent  the  fragment  from  escaping  over  the  sides  of 
containment  rings,  simulating  real  engine  operational  conditions  where  the  rotating  components  are  bounded 
by  stator  vanes.  This  set-up  is  shown  In  figure  2.  The  radial  tip  clearance  between  the  rotor  and  ring 
was  maintained  at  0.50  Inch  (1.27  cm).  The  two  different  size  rotors  described  previously  were  modified, 
as  shown  In  figure  6,  to  ensure  failure  In  2,  3 and  6 pie-sector  shaped  fragments  at  their  nominal  operating 
design  speeds. 


During  test,  the  spin  chamber  was  evacuated  to  a vacuum  pressure  of  10mm  Hg  to  minimize  the  drive 
power  required  to  accelerate  the  rotors  to  burst  speed. 

METHODS  OF  ANALYSIS 

Because  of  the  nature  of  the  test  program  conducted,  the  analysis  of  results  was  relatively  straight 
forward;  It  depended  on  two  things: 

a.  Whether  or  not  the  ring  being  subjected  to  test  contained  the  rotor  fragments  generated. 
(Contained  means  that  the  fragments  did  not  pass  through  or  escape  from  the  confines  of  the  containment 
ring). 

b.  and  If  It  did  contain,  what  was  the  associated  ring  SCFF.  (by  definition  no  SCFE  could  be 
derived  for  a ring  that  did  not  contain  the  fragments). 
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The  rotor  burst  energy  from  teat-to-teat , was  held  constant  as  a function  of  rotor  sire.  However, 
variations  In  burst  energy  for  a given  rotor  sire  dJd  occur  during  test  because  of  small  unpredictable 
variations  In  rotor  burst  speed.  These  variations  stemmed  from  such  factors  sh:  material  property 
scatter;  dimensional  tolerance  differences;  flaws  or  cracks  (scrap  turbine  rotors  from  high  time  military 
engines  were  used);  and  other  such  Inherent  and  induced  rotor-to-rotor  anomalies.  To  account  for  these 
"experimental”  variations  in  analysing  the  burst  test  results,  a policy  was  adopted  whereby  results  which 
had  a speed  variation  greater  than  ♦ 2.5X  of  the  design  burst  speed  were  not  used  for  the  assessment 
of  a ring’s  SCFE. 

The  other  element  beside  speed  that  established  the  rotor  energy  at  burst  was  the  muss  moment  of 
inertia  of  the  two  turbine  rotors  used  for  test.  The  values  of  inertia  for  each  rotor  were  determined 
experimentally  using  the  torsional  pendulum  method  (reference  1). 

RESULTS  AND  DISCUSSION 

The  results  of  test  are  presented  in  plotted  form  in  figures  7,  8,  9,  15,  and  lb.  These  plots  are 
Actually  plane  sections  of  the  conceptual  three  dimensional  (variable)  plot  shown  in  figure  5,  hut  in 
these  instances  using  the  test  data  developed.  The  intent  here  is  to  show  the  functional  relationship 
between  the  SCFE  and  the  significant  test  variables:  ring  inner  diameter  (lDg);  number  of  fragments  (NF); 
and  ring  axial  length  (ALR). 

a.  SCFE  - NF  Relationship  for  Small  Rotors;  Figure  7.  It  can  be  seen  from  these  curves  that 
for  small  rotor  containment  the  SCFE  is  for  all  practical  purposes  independent  of  the  number  of  pie-sector 
shaped  fragments  generated  at  burst.  This  indicates  that  rings  of  the  same  weight  would  be  required  for 
containment  regardless  of  the  number  of  fragments  generated  at  rotor  burst  in  the  range  of  from  2 to  6 
fragments  and  having  a total  (translational  and  rotational)  energy  content  of  approximately  10**  in-lbs 
(J510J).  A corollary  of  this  would  be  that  a worst  fragment  number  condition  for  small  rotor  containment 
with  respect  to  ring  weight  does  not  exist. 

b.  SCFE  - Al.R  Relationship  for  Small  Rotors;  Figure  8.  The  relationship  shown  in  this  figure 
Indicates  that  an  optimum  value  for  ring  axial  length  exists.  For  the  size  rotor  tested,  an  optimum 
lightweight  ring  for  containment  is  derived  when  the  axial  length  of  the  ring  is  made  equal  to  that  of 
the  rotor;  that  is  where  ALR  • 1. 

c.  SCFE  - ID  Relationship  for  2,  3,  and  6 Fragment  Bursts  at  ALR  ■ 1;  Figure  9.  These 
relationships  are  incompletely  documented  except  for  the  6-fragment  data  because  the  radial  thickness 
required  for  large  rotor  containment  of  the  2 and  3-fragment  bursts  exceeded  that  which  was  available 
from  Inventory  (4110  cast  steel  circular  rings  with  an  ID  of  31.64  inches  (0.804  m)  having  a maximum 
radial  thickness  of  4.1875  inches  (.106  m)  and  weighting  169  lbs.).  However,  the  relationship  shown  in 
figure  9 does  indicate  that  the  amount  of  fragment  energy  that  a pound  of  ring  material  can  contain 
decreases  with  the  rotor  size  (energy  content);  that  is,  for  the  same  ring  to  rotor  axial  length  ratio, 
ring  material,  and  number  of  fragments  generated  at  burst,  the  containment  capability  of  the  larger  ring, 
as  measured  by  the  SCFE  (on  a contained  energy  per  unit  weight  basis)  is  lower  than  tor  a small  ring.  This 
Indicates  that  the  practice  of  extrapolat ing  small  rotor  containment  ring  results  to  largo  rotor  containment 
ring  applications  would  be  invalid. 

d.  SCFE  - NF  Relationship  for  Large  Rotor  Containment  at  ALR  ■ lj  Figure  15.  The  relationship 
in  this  fiRure,  though  not  definitive  because  containment  was  not  achieved  for  the  2 and  3 fragment  burst, 
indicates  that  the  SCFE  is  dependent  on  the  number  of  fragments  (NF)  generated  at  burst  - This  differs 
from  the  small  rotor  results,  which  indicated  that  the  SCFE  and  NF  were  almost  independent.  Tin*  trend  of 
this  relationship  indicates  that  the  capability  of  a ring  to  contain  increases  as  the  number  of  fragments 
generated  increases  or,  conversely,  as  the  number  of  fragments  generated  at  burst  decreases  the  containment 
situation  with  respect  to  ring  weight  becomes  more  adverse,  i.e.,  more  weight  is  required. 

e . SCFE  - Al.R  Relationship  tor  Large  Rotor  Containment  of  2-Kragment  Hursts;  F i ftu re  16 . On 1 v 
limited  tests  were  conducted  to  explore  this  relationship  because  trends  Indicated  that  the  weights  of 
ring  required  for  containment  were  becoming  very  high.  Figure  16  tends  to  show  that  an  optimum  axial 
length  might  exist  in  the  neighborhood  of  Al.R  ■ 1.  ITiis  is  consistent  with  the  results  of  the  small  rotor 
results,  which  because  of  the  abundance  of  test  data,  was  more  conclusive  in  indicating  an  opt imum  Al.R  • l. 

COMPARISON  BETWEEN  CONTAINMENT  RING  DEFORMATION 

To  provide  some  feel  for  the  ring  and  fragment  distortions  that  normally  accompany  the  containment 
process,  the  post-test  conditions  of  rings  and  rotors  from  several  selected  tests  (both  contained  and 
uncontained)  are  shown  photographically  In  figures  10  through  14. 

In  addition,  figure  17  shows  high-speed  photographic  results  that  depict  the  mechanics  of  large  and 
smalt  rotor  containment  In  which  a 3-fragment  rotor  hurst  is  Involved.  It  can  he  seen  from  these  visual 
data  that  the  gross  deformations  and  d Isplacements  experienced  by  the  steel  rings  in  a general  sense  are 
basically  the  same  and  therefore  independent  of  size.  On  the  basis  of  this  data,  it  was  concluded  that 
a valid  functional  relationship  between  SCFF.  and  rotor  diameter /ring  ID  might  be  expev iment allv  derived 
and  be  generally  applicable, 

MATER 1A1 . COMPARISON  TEST  RKSULi. 

Exploratory  tests  (3  fragment  burst)  were  conducted  to  assess  the  containment  capability  ot  coiled 
304  stainless  steel  and  Kevlar  29  cloth  rings  for  large  rotors  as  compared  to  centrltugallv  cast  41  10 
steel  rings  previously  discussed.  The  comparison  is  made  using  a 130  lb  (150  kg)  4130  cast  steel  ring 
(could  not  contain  2 or  1 fragments)  as  the  base  line  weight  knowing  that  a heavier  41)0  steel  ring  is 
required  to  contain  three  fragments.  It  was  decided  to  limit  4130  to  this  weight  since  it  would  not  only 
axpenaive  to  purchase  larger  material  for  test  but  impractical,  since  3)0  lbs  is  already 
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considered  coo  heavy  for  aircraft  use.  Since  a succesaful  containment  using  4130  cast  steel  was  achieved 
on  a 6 fragment  burst,  it  was  used  In  figure  18  to  show  the  overall  trend  that  exists  between  the  SCFE-ID, 
for  this  material.  In  order  to  further  define  this  trend  additional  6 fragment  data  Is  required  for  all 
materials  tested. 

COILED  STAINLESS  STEEL  RINGS 


The  colled  rings  consisted  of  one  continuous  spiral  of  304  stainless  steel  strip  .048  Inch  (0.001  m) 
thick  wrapped  like  a clock  spring.  Three  fragment  burst  tests  were  conducted  to  evaluate  the  coiled  304 
stainless  steel  ring  which  had  axial  lengths  of  2.5  inches  (0.063  m)  and  3.75  Inches  (0.095  m).  No 
containments  were  achieved  using  the  colled  rings  having  a 2.5  inch  (0.095  m)  axial  length.  A ring 
weighing  165  lbs  (75  kg)  and  having  an  axial  length  of  3.75  Inches  (0,095  m)  was  required  to  contain  a 
large  rotor  3-fragment  burst.  This  165  lb  ring  represents  a weight  reduction  over  a 4130  cast  steel 
ring  of  at  least  SOT  and  is  equivalant  to  the  weight  of  4130  steel  required  to  contain  a 6-fragment  burst. 

KEVLAR  RINGS 


The  Kevlar  rings  for  the  large  rotors,  had  axial  lengths  of  9 inches  (0.23  m)  and  12  Inches  (0.31  m). 
The  rings  were  made  extra  wide  to  prevent  the  fragments  from  escaping  over  the  sides  since  cloth  rings 
lack  structural  rigidity  in  the  axial  direction.  A Kevlar  ring  which  had  an  axial  length  of  9 Inches 
(0.23  m)  and  weighted  57  lbs  (26  kg)  was  the  optimum  configuration  tesed  that  contained  a 3-fragment  burst. 
Tests  were  also  conducted  with  small  rotors  using  Kevlar  29  cloth  rings  having  an  axial  length  of  6 Inches 
(0.15  m).  A ring  weighting  6.7  lbs;  3.0  kg  (a  weight  reduction  of  1.9  lbs;  0.863  kg  compared  to  the  base- 
line weight  for  small  4130  steel  rings)  was  required  to  contain  the  3-fragment  burst  of  a T58  rotor.  Axial 
length  optimization  of  Kevlar  rings  and  the  renalns  affects  of  number  of  fragments  to  be  examined. 

The  results  presented  graphically  in  figure  18  and  tabulated  in  Table  1,  show  that;  the  containment 
weight  can  be  reduced  using  Kevlar  29,  by  83Z  (330  lbs  to  57  lbs;  150  kg  to  26  kg)  and  22Z  (8.6  lbs  to 
6.7  lbs;  4.0  kg  to  3.0  kg)  for  large  and  small  rotors  respectively. 

‘'future  plans 


The  systematic  containment  experimentation  will  be  continued  using  multi-layered  composite  rings. 

The  program  is  designed  to  evaluate  the  containment  capability  of  the  composite  rings  and  determine  which 
of  the  layers  or  combination  of  layers  has  the  most  significant  effect  on  the  containment  process. 

TABLE  I 

Material  Comparison  Results  For 
3-Fragment  Containment  of  J65  Rotors 


Ring 

Material 

SCFE 

Ring  Wt.  (WR) 

Lbs.  (kg) 

Z Wt. 

Reduction 

Cast  4130  Steel 

29,259 

330  (150)  uncontained 

Base  Line 

Coiled  Stainless  Steel 

51,847 

165  (75) 

£ 50 

Kevlar  29 

150,461 

57  (26) 

^ 83 

Material  Comparison  Results  For 
3-Fragment  Containment  of  T58  Rotors 


Ring 

SCFE 

Ring  Wt  (WR) 

Z Wt. 

Material 

Lbs  (kg) 

Reduction 

Cast  4130  Steel 

88,444 

8.6  (4.0) 

Base  Line 

Kevlar  29 

173,717 

6.7  (3.0) 

22 
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Fig.  1 Containment  evaluation  facility 





Fig. 2 Typical  containment  test  set-up 
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Fig. 3 Small/large  rotor  containment  test  matrix 
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Fig. 8 SCFE-ALR  relationship  for  small  rotor  containment;  4130  cast  steel  ring.  NF  = 3 


RING  10-INCHES 

Fig.9  SCFE-IDr  relationship;  4130  cast  steel  ring  where  ALR  = 1 and  NF  = 2 


Fig.  14  Large  rotor  2,  3 and  6 fragment  containment  post  test  results 
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Fig.  15  SCFE-NF  relationship  for  large  rotor  containment;  4130  cast  steel  ring,  ALR 
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Engine/Alrcraf t Structural  Integration 
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by 
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M.  N.  Aarnes,  Propulsion  Specialist 
G,  L.  Bailey,  Structures  Specialist 
The  Boeing  Company 
P.0.  -Box  3999 

Seattle,  Washington  98124 

SUMMARY 

In  commercial  aviation  today,  fuel  accounts  for  roughly  80X  of  the  propulsion  system- 
related  expenses  and  about  401  of  the  total  airplane  operational  cost.  According  to 
Industry  statistics,  the  airlines  consumed  over  10  billion  gallons  of  fuel  last  year  and 
most  likely  will  exceed  15  billion  by  the  mid -e igh t ie s . By  the  end  of  this  decade  7511 
of  this  fuel  will  be  used  by  current  high  bypass  ratio  engines. 

These  high  bypass  ratio  engines  run  most  of  their  lives  with  specific  fuel  consump- 
tion (SFC)  deterioration  exceeding  31.  Boeing,  experiencing  this  problem  on  the  747/JT9D, 
launched  a Propulsion  System  and  Airframe  Structural  Integration  Program  (PANSIP)  to 
study  the  effects  of  airplane  flight  loads  on  rotor  clearances  which  directly  Impact  SFC 
and  engine  life.  This  early  work  Indicated  that  a savings  of  at  least  12  In  SFC  could  be 
realized  by  a well  planned  englne-alrframe  structural  Integration. 

Structural  Integration  as  discussed  in  this  paper  Is  a systematic  approach  to  the 
structural  Installation  of  an  engine  In  an  airplane.  It  Is  a formally  planned  program 
by  the  two  manufacturers.  It  requires  agreeing  on  structural  modeling  techniques,  build- 
ing a computerized  data  base,  jointly  performing  the  overlapping  analyses,  and  planning 
the  propulsion  system  testing.  Most  of  the  tools  for  a successful  Integration  program 
are  available  today  and  have  been  used  to  varying  degrees.  However,  as  yet  there  has 
been  no  complete,  scheduled  PANSIP  effort  for  a major  airplane  program. 

This  paper  will  point  out  some  of  the  previous  engine  Installation  problems  and  will 
discuss  current  efforts  concerning  deficiencies  of  todays  installations  and  the  role  of 
PANSIP  in  future  installations. 

BACKGROUND 

Airplane  manufacturers  must  carefully  study  the  engine  options  and  start  working 
with  the  engine  manufacturer  long  before  the  launching  of  any  airplane  program.  Histori- 
cally, these  studies  and  the  interface  coordination  were  limited  to  basic  eng lne / a ir f r ame 
performance  matching.  Recently  we  have  come  to  realize  that  the  lack  of  concentrated 
effort  on  structural  integration  has  resulted  in  two  distinct  problems:  structural  defi- 
ciencies which  show  up  dramatically  Just  before  or  soon  after  introduction  into  service 
and  higher  than  anticipated  operating  costs  due  to  Increased  fuel  burn  and  premature 
maintenance . 

A few  examples  of  engine  structural  problems  will  be  discussed  Involving  the  747 / 

JT9D , DC10/CF6,  SST/GE4  and  the  L1011/RB211.  Although  each  of  these  involves  commercial 
airplanes  with  high  bypass  engines,  similar  examples  could  be  found  in  military  arena 
also . 

The  747/JT9D  program  initially  suffered  airplane  delivery  schedule  slide  due  to 
engine  Installation  problems  discovered  late  in  the  development  phase  as  discussed  in 
Reference  1.  Substantial  engine  case  ovalizatlon  occurred  which  caused  excessive  rotor 
clearances  and  high  specific  fuel  consumption.  The  problem  was  solved  by  modifying  the 
engine  mount  configuration  with  the  help  of  a sophisticated  finite  element  analysis  of 
the  engine  and  backup  testing.  At  that  time  this  analysis  was  an  advancement  in  the 
state  of  the  art  of  engine / a 1 r f r ame  integration  which  had  previously  relied  heavily  on 
the  build  and  test  approach. 

The  DC- 10/CF6  program  met  their  initial  delivery  schedules,  however,  the  operational 
flight  environment  produced  engine  structural  surprises  not  found  on  the  engine  test 
stand  (References  2 and  3).  These  problems  were  promptly  solved  by  General  Electric  by 
Increasing  seal  clearances  and  changing  booster  liner  material.  A better  understanding 
of  the  aircraft's  operational  load  environment  and  resulting  engine  internal  deflections 
could  have  led  to  better  clearance  control  in  the  engine  development  phase  and  precluded 
the  need  for  the  extra  effort  expended  by  General  Electric. 

The  SST/GE4  posed  a unique  propulsion  system  in  that  the  engine  was  only  one-third 
of  the  total  40  foot  nacelle  length.  Its  first  bending  frequency  when  calculated  late  in 
the  program,  turned  out  to  have  a coincidental  frequency  with  the  cantilevered  wing  sup- 
port beam.  This  was  a real  concern  since  engine  case  deflections  due  to  vibrations  and 
flight  loads  were  still  to  be  determined.  If  this  program  had  continued  It  would  have 
had  an  engine/propulsion  system/airframe  structural  Integration  problem  of  the  most  chal- 
lenging magnitude. 

The  L1011/RB211  experienced  problems  soon  after  introduction  into  service  when  crack- 
ing occurred  in  the  titanium  fan  disks  (Reference  4).  This  caused  a serious  disruption 
of  airline  operations  and  only  through  International  engine  community  support  did  a suc- 
cessful J 1 8 k emerge  (Reference  5).  Engine  airframe  structural  analysis  early  in  the 
program  might  have  significantly  reduced  the  magnitude  of  the  problem. 
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To  get  a better  perspective  of  operating  cost,  Figure  1 shows  a breakdown  of  air- 
plane cost  in  general.  Even  though  the  engines  seem  small  in  comparison  to  the  airframe, 
they  account  for  roughly  SOX  of  the  operational  cost  of  a wide-body  aircraft.  Further, 
it  can  be  noted  that  fuel  is  about  40%  of  the  airplane's  operational  cost  and  roughly 
80%  of  the  propulsion  system-related  expense.  According  to  industry  statistics  as 
depicted  in  Figure  2,  the  airlines  consumed  over  10  billion  gallons  of  fuel  last  year 
and  most  likely  will  exceed  15  billion  by  the  mid-80s  (Reference  6).  By  the  end  of  this 
decade  75%  of  this  fuel  will  be  used  by  current  high  bypass  engines. 

Since  fuel  constitutes  such  a large  part  of  the  airplanes'  operational  cost,  it  is 
well  worthwlle  to  look  at  fuel  prices  over  the  years.  This  trend  delineated  in  Figure  3 
shows  that  since  1972,  domestic  jet  fuel  cost  has  increased  by  235%. 


The  engine  companies  being  fully  aware  of  the  fuel  cost  trend  impact  on  the  opera- 
tor's profit  have  made  improvements  in  engine  design  in  general  as  shown  in  Figure  4. 
The  possibility  exists  that  the  fuel  consumption  can  be  halved  from  the  early  turbojets 
by  the  end  of  the  century  by  focusing  on  engine  clearance  control  and  engine  usage. 

Engine  airframe  structural  integration  is  directly  tied  to  engine  fuel  consumption 
as  shown  in  Figure  5.  This  figure  shows  typical  performance  deterioration  trends  of 
turbofan  engines.  Already  after  200  to  300  flight  cycles  a loss  of  better  than  2%  in 
SFC  can  be  expected.  This  will  gradually  increase  probably  by  another  percent  or  two 
until  the  first  high  pressure  turbine  is  refurbished  which  will  gain  back  some  of  the 
SFC  loss.  Module  or  engine  refurbishment  philosophy  depends  on  engine  and  operator. 


Research  done  in  this  area  so  far  shows  that  the  fuel  consumption  deterioration  is 
caused  to  a large  extent  by  the  airloads  and  thermal  transients  which  yield  increased 
clearances  in  addition  to  erosion/corrosion  of  and  dirt  on  airfoils.  Hence,  engine- 
airframe  structural  integration  plays  a vital  part  in  SFC  retention. 

Engine  maintenance  costs  are  affected  by  the  fact  that  the  engine  operates  in  a 
deteriorated  mode  most  of  the  time  causing  increases  in  the  engine  operating  temperature. 
The  engine  structure  must  respond  to  higher  working  temperatures  and  higher  thermal  stress 
cycles.  The  net  result  is  more  rub  and  further  component  life  reduction. 

Other  items  of  prime  importance  to  any  airplane  operator  is  the  ease  of  propulsion 
system  inspection,  maintenance,  and  repairability . For  Instance,  a case  in  point  is 
shown  by  Figures  6 and  7.  These  graphs  show  actual  premature  engine  removals  of  the 
JT9D/747  and  CF6/DC10  in  United  Airline  service  (Reference  7).  These  graphs  depict 
basically  the  success  or  failure  of  the  propulsion  system,  not  only  in  terms  of  mainte- 
nance cost,  but  also  in  dispatch  reliability.  It  is  rather  evident  that  experience  and 
forecast  do  not  match  regardless  of  engine  and  it  seems  like  rather  extensive  and  expen- 
sive engine  and/or  installation  modifications  would  be  needed,  before  the  original 
promises  can  be  met. 

CLEARANCE  CONTROL 

The  common  denominator  in  the  problems  discussed  is  clearance  control.  When  the 
loss  of  clearance  control  results  in  severe  rubbing,  engine  structural  damage  may  occur; 
when  loss  of  control  results  in  increased  tip  clearance,  SFC  deteriorates  and  maintenance 
increases.  This  important  design  parameter  clearance  control,  will  now  be  considered  in 
more  detail. 

Figures  8,  9,  and  10  shows  the  relationship  between  SFC  and  operating  clearances 
(Reference  8).  SFC  is  inversely  related  to  efficiency  as  shown  in  Figure  8.  As  a rule 
of  thumb  for  wide-body  aircraft  today,  a 1%  decrease  in  high  pressure  turbine  efficiency 
amounts  to  a 1%  increase  in  SFC.  Efficiency  is  inversely  related  to  clearance  as  shown 
in  Figure  9.  The  figures  also  point  out  that  not  all  engines  have  the  same  clearance 
sensitivity.  For  instance,  the  F101  and  CFM56  engines  require  extra  care  in  mounting  and 
operation  and  to  avoid  high  efficiency  losses.  Airframe  operating  clearances  for  the 
JT9D  and  CF6  high  pressure  turbines  are  shown  in  Figure  10.  The  figure  also  illustrates 
one  of  the  reasons  why  lower  aspect  ratio  blades  are  desirable. 

Since  rotor  clearance  control  is  such  a major  source  of  airplane  fuel  economy,  there 
is  a need  to  minimize  and  retain  the  average  clearance  throughout  the  engine. 

A balanced  clearance  design  must  provide  tight  average  clearance  at  all  operating 
conditions.  And  to  accomplish  such  a design,  many  conflicting  considerations  must  be 
taken  into  account  during  the  trade  study  and  followup  testing.  The  availability  of 
exact  mission  and  engine  usage  as  well  as  concept  of  installation  from  the  airplane  manu- 
facturers at  this  point  in  time  is  of  paramount  importance. 

For  instance,  it  is  Important  to  note  that  as  the  net  output  of  the  thermodynamic 
cycle  is  decreased,  such  as  at  low  power  conditions  and  flight  idle,  the  influence  of 
component  performance  on  cycle  efficiency  increases.  Since  operating  speeds  and  tempera- 
tures also  decrease  at  part  power,  turbine  clearances  may  open,  reducing  component  effici- 
ency. It  is  imperative  to  consider  clearances  at  part  power  for  those  engines  where  part- 
power  operation  is  significant. 


Another  consideration  is  the  rate  with  which  parts  heat  up  or  cool  down.  Specifi- 
cally, a very  heavy  turbine  rotor  or  a high  radius-ratio  compressor  disk  may  not  heat  to 
steady  state  in  less  than  five  minutes  after  throttle  advanced  to  maximum  from  idle, 
while  casing  and  shroud  supports  may  reach  operating  temperatures  in  the  first  minute, 
whereas,  combustor  and  air-cooled  turbine  airfoils  will  achieve  maximum  temperature  in 
less  than  10  seconds.  This  means  that  at  a constant  measured  turbine  discharge  tempera- 
ture, the  maximum  thrust  will  build  up  slowly  to  the  design  value  and  build  up  rapidly 
and  then  drop  until  steady-state  clearances  are  attained.  At  constant  required  thrust, 
a higher  than  desirable  turbine  inlet  temperature  will  result  while  steady  state  clear- 
ances are  achieved.  Both  conditions  are  undesirable  and  can  be  minimized  by  good 
clearance-control  designs. 

It  is  of  vital  Importance  that  the  airplane  manufacturer  recognizes  the  economic 
value  of  the  effects  of  clearance  control  on  performance,  durability  and  SFC  so  that 
they  can  help  in  achieving  a balanced  "tight"  operating  clearance  design.  In  the  early 
stages  of  design,  the  engine  designer  must  consider  both  static  and  transient  growth  of 
rotor  versus  the  stationary  parts  of  the  engine  in  regard  to  airplane  thrust  demand.  He 
must  consider  methods  of  manufacture,  assembly,  rotor  bearing  support  locations,  rotor 
dynamics,  casing  out-of-roundness,  etc.  All  of  these  are  "in  house"  variables.  However, 
when  the  engine  is  Installed  on  the  airplane,  a host  of  new  variables  enter  the  area  of 
clearance  control:  enclosure,  airplane  induced  engine  maneuver  loads,  attached  structures 
such  as  inlets,  nozzle  and  plugs,  location  of  accessory,  bleed,  etc. 

It  is  a well-known  fact  that  engine  casings  do  bend  due  to  thrust,  inlet,  and  maneu- 
ver loads.  The  nature  of  the  bending  deflection  curve  and  localized  shell/frame  deflec- 
tions depend  on  the  location  of  the  thrust  and  other  mount  points  with  respect  to  the 
engine  centerline.  High  bypass  engines  are  especially  subjected  to  casing  deflections 
due  to  engine  thrust.  The  thrust  mounts  are  often  located  far  off  the  centerline  because 
it  is  convenient  in  the  engine /airplane  installation.  This  causes  large  shear  and  bend- 
ing moments  which  then  deflect  the  engine  static  structure.  The  effect  of  engine  static 
structure  deflection  is  less  on  an  engine  whose  rotors  are  straddle-mounted  on  frames, 
rather  than  overhung  rotors  and/or  rotors  riding  on  "soft"  oil  damped  bearings.  Engine 
case  bending  is  also  harmful  to  rotor  dynamic  in  that  it  can  cause  additional  rotor 
eccentricities  and  bearing  misalignment  thus  causing  bowed  rotors  and  rub  problems,  be 
it  seals  or  blades. 

For  the  engine  companies  to  perform  the  above  analysis,  the  airplane  manufacturer 
must  carefully  study  the  Installation  options  and  mission  requirement.  He  must  deline- 
ate thrust,  altitude,  Mach  number,  total  air  temperature,  and  airplane  Induced  engine 
loads  as  a function  of  elapsed  flight  time  in  order  to  determine  the  true  airplane/engine 
usage  criteria.  This  is  depicted  in  Figure  11.  He  must  further  work  with  the  customer 
and  the  engine  company  to  determine  the  anticipated  detailed  engine  usage  as  shown  in 
Figure  12,  from  which  the  engine  test  cycle  can  be  defined  as  delineated  in  Figure  13. 
Thus,  the  thermal  efficiency  and  component  durability  improvement  programs  can  be  defined 
and  maintenance  cost  and  SEC  estimated.  This  engine  airplane  performance  and  structural 
integration  is  sketched  out  in  Figure  13  in  terms  of  development  of  engine  operational 
cost  analysis. 

SOURCES  OF  PROBLEMS 


Considering  the  complexity  of  the  clearance  control  analysis  and  the  effect  of 
extremely  small  dimensional  changes  on  performance,  it  becomes  easier  to  understand  how 
the  past  installation  problems  came  about. 

Problems  can  result  from  human  error  or  oversight  in  engineering,  manufacturing  and 
management.  These  are  usually  minimized  by  the  use  of  a checking  system  where  every 
significant  dimension  and  decision  undergoes  multiple  scrutiny. 

Another  contributing  factor  could  have  been  the  reluctance  of  the  engine  manufac- 
turers share  technology  with  each  other.  Because  of  the  historically  fierce  and  healthy 
competition  that  had  grown  between  these  companies,  not  only  was  direct  communication 
very  much  limited  but  also  communication  with  third  parties  was  restricted  to  protect 
trade  secrets.  While  this  attitude  was  laudable  in  general,  it  probably  slowed  the 
Infusion  of  the  more  advanced  analysis  techniques  and  especially  those  requiring  Joint 
effort  with  the  airframe  companies. 

While  more  Joint  effort  and  less  human  error  may  have  alleviated  some  problems,  the 
new  high-bypass  engines  represented  a huge  step  forward  in  engine  technology  and,  as  such, 
introduced  other  problems  that  probably  could  not  have  been  anticipated.  A whole  phase 
had  been  omitted  in  what  should  have  been  the  proper  development  of  these  large  power 
plants.  This  omission  was  caused  by  the  birth  of  the  space  age. 

Starting  in  1958,  the  United  States  became  involved  in  a competition  with  Russia 
to  develop  space  hardware.  In  most  Government  agencies  which  allocated  research  and 
development  funds  the  emphasis  was  on  spacecraft,  rocket  engines,  cryogenic  tankage, 
miniaturized  electronics  and  the  like.  The  funds  for  research  in  aviation  and  aircraft 
engines  naturally  dried  up.  Along  with  a dearth  of  funds  came  a scarcity  of  personnel  as 
the  glamour  of  space  exploration  lured  engineers  and  scientists  from  the  mundane  aircraft 
Industry.  All  this  occurred  at  a time  in  history  when  development  work  would  normally 
be  underway  on  new  power  plants  of  the  late  60s.  And  so  the  high  bypass  engines  came 
into  being  ahead  of  their  s tate-of-the-art  in  terms  of  structures,  materials,  cooling, 
clearance  control  techniques,  etc. 
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ELEMENT  OF  A PANSIP 

By  caking  Into  account  Che  things  which  have  contributed  to  problems  in  the  past  and 
by  taking  advantage  of  advancements  in  analysis  techniques,  data  sharing,  and  engine  test- 
ing, it  should  be  possible  to  formulate  a workable  propulsion  system  and  airframe  struc- 
tural integration  program  (PANSIP).  A program  which  will  assure  the  clearance  control 
throughout  the  airplane  operating  regime  for  the  life  of  the  engine. 

Propulsion  System  and  Airframe  Structural  Integration  Program  (PANSIP)  in  its  sim- 
plest connotation,  is  an  audit  system  for  ensuring  that  the  components  of  the  propulsion 
system  and  related  airframe  function  as  a structural  unit.  In  its  broadest  connocation 
it  is  a systematic  and  scientific  work  plan  for  optimizing  eng ine / a i r f rame  structural 
integration  from  preliminary  system  sizing,  through  design  development  flight  test  and 
beyond . 

Much  of  the  past  difficulty  with  engine  structures,  i.e.,  clearance  control  and 
durability  can  be  neutralized  by  improvements  in  the  process  of  development,  analysis, 
testing  and  engine /a  1 r f rame  integration.  Consideration  must  be  given  to  three  major 
factors:  (1)  a controlled  and  detailed  flow  of  activity  concerned  with  the  structural 
integrity  of  the  propulsion  system,  starting  with  the  baseline  airplane  requirements  of 
propulsion  systems  and  airframe  sizing,  and  carrying  through  engine/airframe  design  and 
development;  (2)  early  recognition  of  needed  technology,  testing  and  data  required  from 
other  sources  (such  as  airplane  induced  loads  and  engine  usage),  that  would  be  recognized 
and  become  part  of  the  detailed  flow  of  activity;  and  (3)  a means  of  monitoring  the  system 
that  would  allow  tightened  controls  and  quick  recognition  of  high  risk  areas  for  fast 
correction. 

A PANSIP  program  must  consist  of  four  major  elements:  the  plan,  the  integrated  data 
base,  finite  element  analysis,  and  a comprehensive  test  program. 

The  Plan 


A plan  is  the  necessary  first  step.  It  requires  recognition  on  the  part  of  manage- 
ment of  each  company  that  the  other  has  something  to  contribute  and  something  to  gain 
from  an  early  coordinated  joint  effort.  To  allow  the  plan  to  evolve  as  has  happened  in 
the  past  is  to  have  no  plan.  An  early  selling  job  must  be  done  to  expose  all  decision 
makers  to  the  LCC  savings  that  will  result  from  funding  a comprehensive  PANSIP  program. 

The  plan  must  span  the  time  from  airplane  requirements  through  design  and  analysis 
and  Include  the  development  and  certification  testing.  Even  after  completion  of  flight 
test  it  will  leave  behind  a tool  and  a data  bank  ready  to  respond  to  the  inevitable  ques- 
tion regarding  mission  changes,  airplane  growth,  and  service  problems. 

The  purpose  of  the  plan  is  to  formalize  commitments  by  both  companies  to  generate 
and  update  input  for  the  Integrated  data  base  and  to  conduct  interrelated  analyses.  The 
plan  must  make  provisions  for  the  iterative  design  process  that  produces  optimum  results 
and  feedback  from  testing  to  the  data  bank. 

A conceptual  layout  of  a PANSIP  is  shown  in  Figure  14.  In  studying  this  layout,  it 
should  be  kept  in  mind  that  the  final  objective  is  to  assure  structural  integrity  and  low 
LCC  by  thoroughly  understanding  the  loads,  stresses  and  engine  clearances  which  are 
labeled  Engine  Airframe  Structural  Analysis  OUTPUT.  This  is  the  output  from  a number  of 
airframe  and  engine  computer  programs  covering  static  and  dynamic  structural  analyses 
and  engine  performance  analysis. 

The  Integrated  Data  Base 


The  Integrated  data  base  (IDB)  is  the  second  major  element  of  the  PANSIP  program. 

It  is  a computerized  compilation  of  all  the  data  generated  by  both  companies  to  be  used 
as  input  for  the  various  engine  and  airframe  analyses.  The  data  is  stored  in  a facility 
that  has  a direct  computer  link  with  each  company. 

In  the  simplest  of  terms,  the  IDB  would  use  the  computer  to  store  and  retrieve  the 
required  data.  New  advancements  in  what  is  called  the  third  and  fourth  generation  of 
the  computer,  have  made  this  type  of  data  retention  another  prime  function  of  the  com- 
puter system.  The  computer  has  two  other  attributes  needed  for  IDB:  its  capability  to 
do  large  numbers  of  operations  instantaneously,  s feature  that  facilitates  quick  access 
to  specific  data;  and  its  capacity  for  accepting  highly  logical  Instructions  that  allows 
the  necessary  complexity  in  the  data  storage.  Putting  these  all  together,  using  the 
computers  as  a repository  for  great  volumes  of  data  in  the  form  of  an  Integrated  Data 
Base,  is  today  a practical  and  workable  idea. 


* 


To  meet  the  requirements  of  PANSIP  and  also  make  the  intercompany  and  interdiscipli- 
nary communication  possible,  the  organizations  and  structuring  of  the  IDB  has  to  be  care- 
fully considered.  Since  the  eng ine /a  1 r f rame  Integration  is  a computerized  activity  itself, 
satisfying  special  storage  requirements  would  become  an  internal  computer  activity  of  the 
two  companies,  where  the  complexities  would  be  handled  through  known  computer  techniques. 
The  needs  of  communication  between  disciplines  and  companies  would  require  a simple  and 
straight-forward  interaction  with  the  IDB.  It  is  this  need  that  will  define  the  organi- 
zation of  IDB.  Because  of  this,  the  IDB  organization  would  be  selected  to  correspond  to 
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the  logical  makeup  of  the  two  produc t 8— engine  and  a ir f rame--and  the  Integration  of  both. 
As  in  any  computer  activity,  logical  format  must  be  developed  to  allow  the  development 
of  computer  software  and  codes  that  will  interact  with  the  framework.  One  possible 
organization  of  IDB  is  shown  in  Figure  15. 

The  Detail  Levels  (DL)  within  the  proposed  IDB  can  be  treated  and  discussed  as  two 
separate  entitles,  namely  the  Engine  Data  Base  (EDB)  and  the  Airframe  Data  Base  (ADB) . 
However,  linked  together  they  form  the  IDB  in  PANSIP.  For  this  discussion,  DL1  would 
entail  EDB  and  ADB.  The  second  level,  DB2,  would  contain  the  key  information  pertaining 
to  the  engine  and  airplane,  followed  by  DL3,  which  is  the  model  level.  From  thereon,  as 
DL  descends  the  details  of  the  model  increase  to  the  extent  that  it  boes  beyond  the  scope 
of  this  paper. 

The  IDB  organization  chart  will  also  be  stored  in  the  computer  so  it  can  be  displayed 
on  the  terminal  as  convenient  menu,  for  depicting  the  tools  used  and  their  chain  of  com- 
mand for  interaction.  It  should  be  noted  that  the  names  and  amount  of  data  and  detail 
levels  need  not  be  known  at  the  inception  of  the  airplane  program,  as  long  as  it  is  rec- 
ognized that  the  versatility  in  the  shape  of  the  organization  and  the  logic  in  amount  and 
type  of  data  is  maintained. 

This  would  then  allow  the  basic  developments  of  IDB  to  be  applicable  to  any  engine 
and/or  airframe  program  and  would  be  able  to  encompass  all  phases  of  PANSIP. 

Finite  Element  Analysis 

The  finite  elements  analysis  is  the  current  state-of-the-art  tool  for  calcul&r  mg 
structural  deflections  and  internal  loads.  This  analysis  method  has  been  used  extensively 
by  the  airframe  engineers  for  over  20  years.  It  has  been  upgraded  and  verified  by  test- 
ing until  we  now  have  justified  confidence  in  its  capabilities.  In  general  its  accuracy 
is  limited  only  by  the  fineness  of  the  grid  making  up  the  model. 

Each  airframe  company  has  one  or  more  finite  element  system  in  use  by  its  engineers. 

Although  all  systems  are  based  on  the  same  principles  and  do  essentially  the  same  job, 

they  each  have  their  own  unique  input/output  formats.  This  can  be  a problem  when  setting 
up  a format  for  the  IDB.  Ideally,  it  should  be  possible  to  use  IDB  output  as  direct  input 
to  the  finite  element  analyses.  Options  are:  both  companies  use  a common  Government  pro- 
gram such  as  NASTRAN;  both  companies  use  a program  belonging  to  either  (this  is  possible 
with  the  computer  data  link);  or  each  use  its  own  program  by  modifying  input  to  suit. 

Figure  16  shows  the  joint  effort  required  to  conduct  the  finite  element  analysis. 

The  finite  element  models  will  evolve  through  the  design  process.  They  begin  with  coarse 
models  to  estimate  structural  stiffness  for  flutter  and  dynamic  studies.  Finer  models 
grow  with  the  need  for  internal  loads  and  deflections  for  seal  design,  etc.  The  models 
are  continuously  updated  until  they  represent  the  released  drawings.  The  models  are  used 
separately  by  each  company  to  advance  the  design  of  its  structure  and  combined  by  each  to 
calculate  interaction  forces  and  deflections. 

The  most  refined  models  will  be  used  to  calculate  engine  internal  clearances.  These 
clearances  will  indicate  which  operational  conditions  contribute  most  to  SFC  deterioration 
and  maintenance  problems.  The  models  may  be  used  to  investigate  possible  changes  in  air- 
plane flight  profiles  and  thrust  management  that  would  minimize  these  problems.  If  air- 
plane usage  changes  are  not  practical,  structural  changes  may  be  studied  using  the  model 
to  find  effective  redesigns. 

Engine/Air f rame  Testing 

The  fourth  major  element  of  PANSIP  is  testing.  Current  engine  testing  consists  of 
two  phases: 

1.  Steady  state  ground  testing 

2.  Flight  testing 

The  objective  is  to  experimentally  evaluate  the  engine/propulsion  system's  thermodynamic 
performance  and  structural  durability  and  to  certify  the  flight  (air)  worthiness  of  the 
propulsion  system. 

Much  of  the  engine  testing  today  is  devoted  to  cyclic  endurance  ground  testing  as 
shown  in  Figures  17  and  18.  These  abbreviated  missions  have  been  developed  because  it 
is  impractical  to  include  the  long  steady-state  legs  of  commercial  airplanes  or  bomber 
usage  sut.h  as  climb,  cruise  loiter  and  descent.  The  objective  is  to  have  a test  engine 
accumulate  more  thermal  cycles  than  any  other  engine  in  the  fleet.  The  fleet  leader 
should  Identify  mechanical  failure  modes  and  thermal  deficiencies  such  as  performance 
degradation  before  they  occur  in  operation  and  with  sufficient  lead  time  to  permit  timely 
corrective  action. 

By  using  the  fleet  leader  engine  concept,  numerous  design  limitations  are  revealed. 
However,  not  all  parts  are  subjected  to  the  maximum  thermal  strain  range  produced  by 
actual  flight  conditions  because  the  long-term  creep  effects  and  thermal  reversals  caused 
by  sustained  cooling-heating  cycles  are  not  completely  simulated.  The  larger  engine 
parts  such  as  disks  take  considerable  time  to  heat  and  cool  contrary  to  the  lighter  parts 
such  as  airfoils  and  sheet  metal  parts,  i.e.,  combuster,  frames,  etc.  As  a result,  the 
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larger  mass  parts  tend  to  stabilize  at  some  intermediate  temperature  during  the  specific 
endurance  cycle,  thus,  avoiding  the  total  thermal  impact  of  the  actual  flight  cycle. 
Because  of  these  limitations,  accelerated  thermal  cycling  alone  in  its  present  form  can- 
not screen  out  all  the  structural  deficiencies.  Thus,  the  obtained  information  must  be 
used  with  discretion  in  life  and  mission  severity  analysis. 

To  improve  or  better  define  the  airplanes  mission  impact  on  the  engine,  the  air- 
frame company  must  provide  a more  detailed  usage  criteria  in  terms  of  the  four  basic 
engine  variables,  altitude,  Mach  number,  thrust  requirements  and  excursion  rates.  These 
variables  can  by  synthesized  statistically  based  on  past  airplane  usage  experience  as 
shown  earlier  in  Figure  12. 

The  development  of  engine  operational  cost  analysis,  as  shown  in  Figure  3,  are  most 
valuable  for  mission  trade  studies  and  for  optimizing  the  engine  cyclic  endurance  test. 
This  will  enable  the  engine/airplane  manufacturers  to  independently  or  jointly  study  the 
impact  of  the  airplane  mission— not  only  the  engine--but  also  on  the  propulsion  system 
as  such.  It  also  points  out  the  need  for  Incorporating  into  any  test  the  throttle  tran- 
sients due  either  to  pilot  usage  or  automatic  flight  control. 

Since  engine  flight  testing  comes  late  in  the  program  development,  both  thermal  and 
structural  deficiencies  revealed  at  this  point  in  time,  are  not  only  costly  to  correct, 
but  may  be  of  such  nature  that  they  carried  into  the  customer's  airplane  usage.  This  is 
unfortunate,  since  it  causes  loss  of  revenue  to  the  operator  and  dissatisfaction  with  the 
produc  t . 

To  improve  this  situation,  it  would  be  desirable  to  acquire  a ground  flight  test 
facility  that  would  simulate  a multitude  of  flight  conditions  as  well  as  the  exact  engine 
usage  excursion  rates.  This  facility  should  not  only  be  capable  of  testing  the  engine 
per  se,  but  also  the  total  propulsion  system  including  strut  and  part  of  its  attachment 
structure,  or  in  case  of  a buried  engine,  the  associated  airframe  structure.  The  capa- 
bility to  ground  test  operating  turbine  engines  under  flight  maneuver  conditions  would 
be  an  extremely  valuable  asset  to  current  and  future  engine  development  and  manufactur- 
ing programs.  There  is  currently  no  ground  based  test  facility  which  can  simulate  accel- 
eration and  angular  rate  maneuvers  on  an  operating  engine. 

Today,  engines  are  initially  flight  tested  on  a tried  and  proven  multi-engine  air- 
plane. Even  though  there  are  no  imminent  dangers  to  the  airplane,  the  general  flight 
testing  is  cautious  in  approach  and  data  at  the  extreme  maneuver  conditions  might  not  be 
obtained.  Even  if  the  willingness  exists  to  exert  the  engine  to  the  extreme  corner  of 
the  flight  envelope,  the  flight  bed  most  likely  would  not  be  able  to  attain  them. 

Today’s  trend  towards  higher  bypass  ratio,  lighter  weight  and  more  fuel  efficient 
engines,  has  led  to  an  ever-increasing  thrust-to-weight  ratio.  This  means  that  the 
demand  to  maintain  the  minute  clearances  between  stationary  and  rotating  engine  parts, 
permits  only  controlled  transient  relative  movements  for  performance  and  SFC  retention. 

Therefore,  early  engine  data  from  realistic  tests  are  of  vital  importance,  since 
for  the  most  part,  stresses,  strain,  and  temperatures  are  time  dependent,  and  the  struc- 
tural engine  and  airplane  dynamics  is  very  difficult  to  determine  analytically.  Thus, 
viable  test  data  is  needed  not  only  to  determine  component  durability,  but  also  in  pro- 
viding basic  data  for  upgrading  and  instilling  confidence  in  the  complex  analytical  tool 
in  the  process  of  being  developed. 

Presently,  rotor  clearance  design  and  control  are  limited  largely  by  the  unavaila- 
bility of  accurate  clearance  measurement  instrumentation.  Without  such  instrumentation, 
data  is  not  available  to  substantiate  prediction  correlations  relating  to  centrifugal 
and  thermal  growth  phenomena  in  seals,  turbine  disks,  airfoils  shrouds,  and  various 
static  structure.  This  limitation  results  in  the  development  of,  for  Instance  blade- 
shroud  growth  system  by  trial  and  error  and,  without  complete  knowledge  of  engine  usage 
and  flight  loads,  the  engine  is  more  than  likely  to  yield  undesirable  field  clearance. 

SFC  and  component  durability  will  suffer,  which  in  turn,  decreases  performance  and 
Increases  LCC.  Besides  the  engine  premature  removal  rate  will  be  higher  than  anticipated 
as  the  process  of  trial  and  error  of  clearance  control  is  carried  out  by  the  fleet 
operators . 

It  should  also  be  noted  that  nowhere  in  the  United  States  is  there  an  engine  test 
rig  that  can  perform  simulated  flight  tests  on  full  scale  propulsion  system  hardware, 
a must,  of  course,  in  future  study  of  clearance  control  and  validation  of  engine/airplane 
Integration  analysis. 

Hence,  determining  a realistic  test  data  base  by  simulating  actual  throttle  excur- 
sion and  flight  maneuver  forces  are  more  important  to  current  and  future  propulsion 
systems  than  those  in  the  past. 

RECENT  APPLICATIONS  OF  PARTIAL  PANSIP 

Two  examples  will  be  presented  of  engine  installations  where  some  of  the  elements 
of  the  formalized  PANSIP  can  be  recognized:  first,  the  747-JT9D  effort  which  was  initia- 
ted to  research  engine  case  ovallzatlon  and  evolved  into  a Government-funded  operational 
cost  study;  second,  the  YC-14/CF6  design  effort  involving  a unique  and  surprisingly 
successful  installation. 
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747/JT9D 


When  it  was  determined  prior  to  flight  test  that  unacceptable  case  deflection  was 
occurring  due  to  the  method  of  thrust  attachment,  Boeing  and  P&WA  initiated  a joint  finite 
element  analysis  effort  for  the  pursuit  of  a viable  solution  to  the  thrust  attachment 
problem.  The  correlation  between  analysis  and  test  is  shown  in  Figure  19  for  the  mechanic- 
ally loaded,  cold  engine  structure.  The  result  substantiated  the  value  of  refined  analysis 
techniques  in  the  field  of  engine  installation  studies. 

This  classic  analysis  was  most  valuable  in  the  commencement  of  the  747/JT9D  joint 
PANSIP  effort  (1974-1976)  when  the  assembly  of  the  first  JT9D  NASTRAN  modeling  was  per- 
formed. The  intent  of  this  research  program  was  to  assess  the  feasibility  of  using  such 
models  to  identify  potential  propulsion  system  integration  problems  early  in  the  design 
process  rather  than  during  development  when  hardware  modifications  have  adverse  effect 
on  program  cost  and  schedule.  The  JT9D/747  installation  had  the  advantage  that  it  is 
mature  enough  to  provide  experimental  data  and  current  enough  to  be  representative  of  the 
next  generation  engines.  And  equally  important,  was  the  fact  that  there  existed  a 
finite  element  idealization  of  earlier  vintage  as  previously  stated.  This  reduced  modeling 
time  and  cost. 

The  first  study  was  directed  to  perform  a detailed  flexible-body  simulation  of  the 
propulsion  system,  even  though  up  to  this  period  of  time,  it  was  not  generally  used  in 
structural  simulation  of  the  airframe.  In  case  of  airplanes  with  wing  mounted  engines, 
the  flutter  model  typically  utilizes  a simple  beam  Idealization  of  the  propulsion  system. 

The  engine  manufacturer  is  concerned  with  airplane  forces  and  frequencies,  forces  and 
frequencies  that  will  cause  flexing  of  the  engines  super s true ture . They  are  also  interested 
in  the  stiffness  of  engine  associated  structure,  such  as  the  inlet,  nozzle,  plug,  thrust 
reverser,  strut,  etc.  as  they  affect  clearance  control,  fuel  usage  and  durability. 

The  P&WA/Boelng  747  propulsion  system  analysis  required  careful  attention  to  inter- 
face definition  and  data  exchange.  The  task  was  simplified  since  NASTRAN  and  the  CDC  6600 
computer  were  used  by  both  companies  and  data  tapes  could  be  exchanged  directly. 

The  NASTRAN  propulsion  system  model  and  subassemblies  were  developed  as  shown  in 
Figure  20.  The  emphasis  of  this  study  was  the  dynamic  behavior  of  the  propulsion  system 
and  the  strut.  The  nacelle/strut  combination  was  assumed  to  be  symmetric  about  the  vertical 
plane  through  the  engine  centerline.  Symmetric  and  antisymmetric  behavior  could  then  be 
calculated  with  a half  model.  Secondary  structural  components  such  as  cowls,  thrust 
reversers,  accessories,  etc.,  were  included  as  discrete  or  distributed  masses  to  bring  the 
mass  properties  of  the  model  to  within  5%  of  the  actual  hardware.  Gyroscopic  stiffening 
terms  of  the  rotor  mass  points  were  set  to  correspond  to  engine  steady-state  cruise 
operating  conditions.  The  dynamic  model  is  shown  in  Figure  21. 

Since  the  main  objective  of  this  joint  effort  was  accomplished  and  amply  described 
(Reference  9),  it  will  suffice  for  the  purpose  of  this  paper  to  point  out  a few  results 
and  reiterate  some  of  the  conclusions  drawn,  since  they  gave  the  impetus  to  continue  the 
joint  effort  for  further  modeling  refinement  and  deflection  studies.  Figure  22  shows 
the  relative  positions  of  some  of  the  modes  evaluated.  Depicted  in  Figure  23  is  the 
inlet  fan  case  rocking  mode  and  that  would  be  important  in  the  consideration  of  fan 
clearance  control;  Figure  24  shows  the  tail  wagging  mode  which  is  of  interest  expecially 
if  it  corresponds  to  a rotor  frequency. 

The  cooperative  747  propulsion  system  vibration  analysis  effort  was  extended  in  1976 
to  Include  structural  deflection  analysis.  The  previously  developed  NASTRAN  model  was 
upgraded  and  used  for  studying  the  causes  of  non-recoverable  short-term  performance 
deterioration,  which  seems  to  be  more  pronounced  on  the  new  high  bypass  engines  than  the 
older  low  by  pass  engines. 

The  results  of  the  propulsion  system  deflection  analysis  with  respect  to  thrust  and 
maneuver  loads,  shows  the  deformation  of  propulsion  system  structural  members  and  the  rela- 
tive motion  between  static  and  rotating  parts.  If  the  motion  exceeds  available  clearances, 
rub  and  wear  will  follow,  hence,  permanent  loss  of  efficiency.  These  deformations  or  rubs 
will  vary  both  axially  and  circumferentially  throughout  any  engine  as  shown  in  Figure  25 
(Reference  10).  The  deformation  patterns  are  general  in  nature  and  display  the  progress 
General  Elec  trie /Boeing  and  Pratt  & Whitney /Boeing  have  made  in  developing  comprehensive 
analytical  models  of  the  CF6  and  JT9D  engines. 

These  models  can  be  used  to  examine  the  effect  of  flight  loads  on  short-term 
performance  degradation  as  proposed  by  NASA  (References  11  and  12). 

It  should  be  noted  that  these  deflection  contour  maps  such  as  shown  in  Figure  25 
have  been  generated  for  various  steady  state  loads  and  temperatures.  They  are  of  prime 
Importance  in  analysis  of  short-term  engine  performance  deterioration  and  engine /air frame 
integration  studies.  They  will  give  a quick  relative  display  of  the  "goodness"  of  various 
propulsion  system  load  sharing  design  and  integration  schemes  with  respect  to  the  effect 
of  flight  loads,  thermal  transients,  on  the  static  deflection  of  the  engine  structure. 

It  was  concluded  that: 

o Further  study  is  needed  to  determine  propulsion-system  modeling  requirements. 
Finite  element  technology  originated  in  the  airframe  industry  where  extensive 
emergence  studies  and  correlation  with  airplane  tests  were  carried  out. 


Similar  studies  are  needed  in  propulsion  system  type  structure  to  establish 
requirements  on  model  grid  size  versus  accuracy  and  the  best  representation  of 
complex  features  such  as  flanges,  bearing  frames,  and  variable  guide  *rane  holes 
in  the  compressor  case  for  a particular  level  of  analysis,  i.e.,  preliminary 
design  development  or  final  system  design  verification. 

o Propulsion  system  major  components  such  as  the  inlet  cowl,  engine  cases,  and 

tailcone,  which  are  directly  attached,  develop  strong  dynamic  structural  interac- 
tions that  can  be  accurately  described  by  integrated  structural  models.  The 
NASTRAN  computer  program  was  found  to  be  adequate  and  excellent  for  predicting 
large  scale  interdependence  of  propulsion  system  structural  components,  but 
could  not  compete  with  specialized  Inhouse  programs  for  defining  less  global 
behavior  such  as  engine  rotor-frame  vibration  (critical  speeds)  . 

o Application  of  general  purpose  models  for  the  prediction  of  deflection-related 
behavior,  such  as  short-term  engine  performance  deterioration  caused  by  seal 
wear  from  flight  loads,  promises  to  have  a significant  impact  on  the  design 
process  during  the  evolution  of  future  aircraft. 

o To  determine  the  effects  of  casing  shell  deformation,  the  three  dimensional 
finite  element  model  overcame  shortcomings  of  the  planar  (beam  and  spring) 
model  simulation.  The  three-dimensional  approach  offers  the  advantage  of  using 
changes  in  radial  clearances  between  the  rotating  and  static  components  to 
evaluate  and  modify  the  load  paths  and  the  rigidity  of  the  engine  structures. 

This  information  can  then  be  used  to  provide  additional  understanding  of  the 
engine  system  during  high  unbalance  events  initiated  by  the  ingestion  of  birds, 
ice,  t) :e  treads,  or  similar  large  foreign  objects. 

Even  though  Pratt  and  Whitney  has  concluded  from  the  previous  exercise  that  flight 
induced  seal  rub  causes  most  of  the  short-term  (250  flight  or  less)  deterioration  in 
engine  performance,  there  exists  today  only  a basic  understanding  as  to  the  amount  of  SFC 
deterioration  that  can  be  attributed  to  flight  loads  or  thermal  transients  within  the 
engine.  It  is  obvious  that  the  engine  itself  becomes  a very  redundant  structure  under 
thermal  loading.  Creep  ratcheting  or  plain  yielding  will  occur  due  to  thermal  transients. 
Since  creep  is  highly  nonlinear  In  its  initial  stages,  the  effect  on  creep  ratcheting 
on  severely  strained  redundant  structure  could  be  considerably  magnified  by  flight  loads 
over  the  first  few  hundred  flight  cycles.  This  continued  settling  of  the  static  and 
rotating  structure,  certainly  would  be  a most  pronounced  during  the  initial  phases  of 
engine  operation  (see  Figure  5).  The  following  asymmetric  portion  of  the  SFC  curve  seem 
to  be  a result  of  natural  rotor  alignment  as  a result  of  its  own  eccentric,  growth  opera- 
tional realignment  of  the  static  structure,  and  the  propulsion  systems  exposure  to  the 
majority  of  the  flight  conditions  with  the  first  200  to  300  flight  cycles. 

Thus,  the  engines  structure  will  continue  to  settle  after  each  refurbishment  along 
the  same  pattern  as  when  new,  due  to  diametrical  variations  in  hardware  already  introduced, 
rotor  and  static  eccentricities  due  to  axial  stackup,  flange  looseness,  varying  looseness 
of  blades  and  vanes,  etc.,  and  the  fact  that  after  each  refurbishment,  the  engine  will 
again  see  the  probability  spectrum  of  flight  loads  be  it  air  or  thermal.  Therefore, 

P&WA/ Boe ing ' s continued  Joint  analytical  and  testing  effort  under  NASA's  sponsorship  will 
be  of  the  greatest  value. 

YC-14/CF6 

The  YC-14  program  used  some  of  the  major  elements  of  the  PANSIP  approach  previously 
discussed.  A data  bank  was  set  up  to  allow  General  Electric  and  Boeing  remote  access  to 
engine  and  airframe  structural  data  and  incidentally,  performance  data.  A finite  element 
analysis  of  components  and  the  combined  engine-structure  model  was  performed.  Some  rig 
and  flight  testing  was  performed. 

The  YC-14  engine  installation  shown  on  Figure  26  is  truly  unique  (Reference  13).  The 
airframe  is  designed  to  take  advantage  of  the  Coanda  effect,  wing  upper  surface  blowing, 
to  provide  high  lift  for  short  field  operation.  This  necessitated  locating  the  engine 
above  and  forward  of  the  wing  box.  The  engine  is  contained  in  the  propulsion  pod  which  is 
cantilevered  off  the  front  spar.  A D-shaped  exhaust  nozzle  is  used  to  mix  the  primary 
and  fan  air  flow  and  spread  it  over  the  trailing  edge  flaps.  The  prototype  program  required 
that  the  existing  engines  be  installed  with  a minimum  modification. 

The  distribution  of  thrust  ir  the  propulsion  pod  caused  a potentially  setious  deflec- 
tion problem.  Figure  27  illustrates  the  difference  between  a standard  CF6  installation 
and  the  YC-14  type.  On  a standard  ins tallat ion , the  bare  engine  static  thrust  is  combined 
with  a forward  acting  inlet  blow  off  load  and  an  aft  acting  nozzle  load  to  produce  a net 
engine  mount  thrust  load.  On  the  YC-14  installation  the  exhaust  nozzle  is  attached  to 
the  structure  rather  than  the  engine.  As  a result,  the  net  engine  mount  thrust  load 
without  the  aft  acting  nozzle  load  would  be  substantially  higher  (Reference  14). 

The  Increase  in  axial  load  at  the  thrust  mount  produced  two  adverse  conditions: 
an  increase  in  deformation  locally  at  the  thrust  mount;  an  Increase  in  "backbone"  bending 
due  to  higher  induced  vertical  load  at  the  rear  mount  as  shown  in  Figure  28. 
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Since  major  modification  of  the  engine  was  out  of  the  question,  it  was  necessary  to 
create  another  load  path  for  the  thrust.  Four  air  actuators  were  installed  tvping  the 
aft  face  of  the  fan  case  to  the  forward  face  of  the  structure  as  seen  in  Figure  29.  The 
actuators  were  manifolded  to  the  10th  stage  bleed  pressure.  The  load  was  not  affected  by 
relative  engine-structure  deflection  and  therefore  was  not  redundant. 

To  help  assure  that  this  modification  would  be  safe  and  effective,  a finite  element 
analysis  of  the  CF6  engine  was  jointly  undertaken  by  General  Electric  and  Boeing.  With 
General  Electric  providing  drawings  and  consultation,  Boeing  constructed  a finite  element 
model  using  the  NASTRAN  analysis  system.  Analysis  showed  that  with  the  air  actuators, 
engine  deflections  and  internal  clearances  would  be  less  than  on  a conventional  installation 
as  shown  in  Figure  28.  Engine  ground  run-up  test  and  airplane  flight  tests  verified  the 
design.  This  joint  effort  set  the  stage  for  the  more  extensive  cooperative  effort  that 
followed  which  included  a direct  computer  link  between  companies  and  a full  scale 
deflection  verification  test. 

In  order  to  eliminate  the  air  actuators  and  reduce  engine /structure  relative  deflec- 
tions, alternate  engine  mount  concepts  were  studied.  The  most  appealing  concept  included 
linkages  attached  to  each  side  of  the  fan  case  for  transmitting  vertical  and  side  loads 
(see  Figure  30).  The  side  load  path  was  redundant,  that  is,  the  side  loads  and  fan  case 
deflection  were  dependent  upon  structure  deflection.  To  insure  that  structural  deflection 
during  severe  airplane  maneuvers  would  not  cause  engine  clearance  problems  a comprehensive 
analysis  and  test  program  was  initiated. 

The  CF6  engine  finite  element  model  which  had  been  constructed  for  the  YC-1A  analysis 
was  sent  to  General  Electric  for  familiarization  and  upgrading.  To  expedite  the  process 
General  Electric  and  Boeing  research  staffs  set  up  a direct  computer  link.  The  computer 
link  enabled  General  Electric  to  use  Boeing  computers  and  software  for  NASTRAN  modeling, 
analysis  and  data  display.  Boeing,  at  the  same  time  was  able  to  expand  the  model  by 
adding  the  inlet,  primary  nozzle  and  plug  which  are  bolted  to  the  engine  as  shown  in 
Figure  31.  An  up-to-date  model  was  continually  available  to  both  companies. 

The  structural  analysis  showed  that  the  redundant  installation  would  be  acceptable 
from  the  standpoint  of  strength  and  deflections.  General  Electric  used  a full-scale  fan 
case  deflection  test  to  verify  the  analysis  results. 

The  significant  advancement  in  cooperative  effort  was  the  direct  computer  link 
between  the  two  companies.  Having  immediate  access  to  a model  that  was  kept  current  by 
both  companies  resulted  in  substantial  saving  of  time  and  eliminated  the  expense  of  false 
starts.  As  the  speed  and  convenience  of  the  computer  link  became  apparent,  the  procedure 
was  also  used  for  sharing  General  Electric’s  engine  data  base  needed  for  performance 
analysis . 

STRUCTURAL  INTEGRATION  IMPROVEMENTS 

Most  of  the  t o o 1 8 to  implement  a proper  PANSIP  are  available.  A basic  plan  has 
always  been  negotiated  between  the  companies,  it  needs  expansion  to  include  the  inter- 
company analysis  and  testing  efforts.  The  Integrated  Data  Bank  uses  existing  computer 
facilities.  Finite  element  Analysis  is  now  a standard  tool  in  all  large  engineering 
groups.  One  area  needing  Improvement  has  been  mentioned,  namely,  additional  test  facilities. 

Another  area  needing  Improvement  is  in  propulsion  system  flight  loads  where  data 
available  is  marginal. 

Load-variat ion  on  aircraft  structures  is  caused  by  a variety  of  external  fluctuating 
forces.  Resulting  load-time  histories  are  classified  on  the  basis  of  loads  origin. 

Random  Process 

• o Atmospheric  turbulence 

o Runway  roughness 
o Acoustic  vibrations 

Event  Sequences 

o Maneuver  loads 

o Ground-air-ground  cycles  (take-off  and  landing) 
o Pressurization  cycles 

Sequences  of  individual  events  such  as  gust  loads  can  only  be  described  approximately 
by  a statistical  distribution  of  exceedances.  Typically,  these  distributions  give  neither 
information  about  temporal  sequence  of  individual  peak  values  nor  individual  rates  or 
frequencies  of  the  recorded  variable.  Exceedance  curves  shown  in  Figure  32  thus  represent 
the  envelope  of  maximan  and  miniman  in  a relative  frequency  of  occurrence  sense  only. 

Thus,  the  detail  load  histories  needed  by  the  engine  designers  cannot  be  extracted  from 
these  curves. 

Load-time  histories  resembling  random  vibrations  may  be  described  by  means  of  the 
theory  of  random  processes.  The  application  of  power  spectral  analysis  to  randomly 
varying  loads  as  shown  in  Figure  33,  especially  gust  loads  and  to  some  extent  ground 
loads,  is  being  explored  to  an  ever-increasing  degree. 
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However,  the  Large at  aircraft  cyclic  loads  data  bases  of  a pro balletic  nature  are 
altltude/veloclty/acceleratlon  (VGH)  recordings  that  are  not  particularly  suitable  for 
sequence  accounting.  These  are  shown  In  Figure  34.  Analysis  of  such  recordings,  compris- 
ing accelerations  due  to  gust,  maneuvers,  take-off,  landing  Impact,  and  taxi,  have  provided 
information  on  the  magnitude  and  relative  frequency  of  occurrences  for  each  successive 
generation  of  airplanes.  Airplane  center-of-gravlty  accelerations  require  many  assump- 
tions and  much  analysis  for  conversion  Into  probable  loads  histories  for  different  aircraft 
components  such  as  the  engines.  Furthermore,  typical  total  recordings  of  loads  are  only 
a fraction  of  one  airframe's  lifetime  even  though  it  is  of  great  significance  to  engine 
clearance  control  and  performance  retention.  Airplane  loads  have  been,  and  still  are, 
aimed  at  extrapolation  on  a probabilistic  basis,  to  deal  with  the  fleet  life  of  the  air- 
frame and  not  engine  SFC  retention  and  durability. 

Thus,  It  has  to  be  concluded  that  the  airplane's  effect  on  engine  flight  loads  is 
today  rather  nebulous,  but  is  one  of  the  most  Important  areas  of  future  research  in  terms 
of  fuel  burn. 


Future  airplane  developments  must  Include  a systematic  propulsion  system  load 
research  program.  This  research  should  (1)  review  historical  engine  deterioration  trends 
and  attempt  to  correlate  these  with  engine  design  and  airplane  usage,  and  (2)  lay  out  a 
full  scale  engine  and/or  propulsion  system  load  program,  and  size  it  in  terms  of  required 
analysis,  testing  cost  and  schedule.  This  is  of  prime  Importance  since  It  will  give  a 
clear  overview  of  what  has  been  done,  what  are  the  technology  needs  and  what  can  be 
achieved  in  the  near  future. 


Figure  16  shows  that  such  a program  should  contain,  in  addition  to  the  historical 
aspect,  t v o main  branches: 

1)  Airplane  aerodynamics 

2)  Propulsion  system  performance. 

These  branches  when  integrated  define  the  various  propulsion  system  internally  and 
externally  generated  loads  and  their  effect  on  the  associated  propulsion  system  hardware. 
These  have  been  previously  discussed  In  Reference  10. 

Basically  these  airplane  induced  engine  loads  are  derived  from  the: 

o Nacelle 

o Thrust 

o Aerodynamic 

o Accelerations  (g's) 

o Gyroscopic 

PANSIP  AND  FUTURE  AIRCRAFT 

The  discussion  so  far  has  pointed  out  the  need  for  Improved  structural  integration 
of  engines  and  airframes,  better  loads  definition,  upgrading  of  testing  techniques, 
computerized  communications  between  engine  and  airframe  teams,  development  of  an  Integrated 
Data  Base  and  what  has  been  done  so  far  in  the  field  of  englne/alrplane  structural  integra- 
tion using  large  structural  finite  element  programs,  such  as  NASTRAN . 

As  the  engine /ai r f rame  system  becomes  a more  integral  entity  in  terms  of  load  sharing, 
controls,  stealthiness,  fuel  systems,  vulnerability  requirements,  etc.,  the  need  for 
computerized  Intercompany  communication  and  en gine /a i r f rame  performance  and  structural 
programs  become  more  critical. 

To  bring  this  point  of  view  out  more  clearly,  one  needs  only  to  examine  such  airplane 
concepts  as  V/STOL  (Reference  15).  Looking  at  Figure  35,  it  is  quite  evident  that  this 
airplane  has  many  unique  and  different  types  of  engine-airframe  interfaces.  For  instance, 
the  two  engines  are  mounted  behind  the  variable  pitch  lift/cruise  fans  which  rotate  to 
provide  thrust  vectoring  for  V/STOL  operation  and  the  variable  pitch  lift  fan  in  the  nose, 
and  are  driven  by  the  redundant  transmission  system.  Further,  during  high  speed  flight, 
the  nose  fan  is  disengaged  and  the  airplane  is  conventional  in  appearance  and  operation; 
whereas  during  V/STOL  operation,  flight  control  is  accomplished  by  varying  thrust  in 
both  magnitude  and  direction  of  all  fans  as  shown  in  Figure  35.  Roll  and  pitch  control 
moments  are  generated  by  increasing  and  decreasing  the  thrust  from  side  to  side  for  roll 
and  fore  and  aft  pitch.  The  roll  and  pitch  thrust  variation  result  from  changes  in  blade 
pitch  angle  with  appropriate  power  transfer  among  the  fans.  Yaw  control  is  accomplished 
by  tilting  the  thrust  vectors  in  a spanwlse  direction. 

From  the  prior  discussion  it  is  quite  evident  that  propulsion  runs  all  around  this 
aircraft  to  the  extent  that  in  terms  of  current  en gi ne /a i r f r ame  structural  integration 
procedures,  it  would  result  in  an  engine-airframe  company  lmpass  in  regard  to  determining 
whom  1 8 doing  what  to  whom.  An  airplane  program  such  as  V/STOL,  with  its  multitude  of 
interwoven  propulsion-airframe  interfaces  and  related  safety  problems,  seem  quite  incompre- 
henslve  to  undertake  without  upgrading  the  concept  and  program  for  propulsion-airframe 
integration  and  testing. 


However,  lu  developing  the  program  (or  future  e u gin  e - a l r plane  Integration  It  In  well 
worth  remembering  that  any  new  avNtem  now  an  In  the  pant.  In  a c on g 1 ome i a t e of  compromises 
aimed  at  balancing  performance,  coat  And  delivery  Nchedule  to  »«t lafv  Nome  at  at  ad  opera- 
tional requirement.  These  compromlNeN  muat  he  made  without  benefit  of  complete  knowledge 
and  are  therefore  prone  to  error  and  dlapute,  hecauNe  the  various  components  and  aub- 
NVNtemN  have  Inherently  different  degree n of  rl«k  and  anticipated  tlmea  of  development. 

For  lnatunce,  propuUlon  and  airframe  do  not  have  the  name  geHtatlon  perloda  In  general. 
Kach  Nyatem  muat  he  planned  and  built  with  a clear  recognition  of  Individual  character- 
Utica  of  the  program' a Integration  nee  da.  Generali  7.  at  Ion  n and  extra  polat  Iona  are 
dangerouH,  aa  the  last  25  years  of  airplane  Nyatem  development  have  ahown,  and  across- 
th e-board  rulaa  can  be  counter  productive.  Any  time  the  Indue  try  at r Ivon  for  a new 
Nyatem,  commercial  or  military,  whoac  capability  requirement  a are  aub a t an t 1 a 1 1 y beyond 
the  current  atate-of-the-art,  the  uncortalntlca  of  rlak  are  extremely  great.  Therefore, 
way  a and  me  ana  muat  be  found  and  Initiated  to  reduce  the  rlak.  It  la  believed  that  a 
well  planned  propul  a ion  ayatem  and  airframe  atructural  Integration  program  would  be  one 
of  the  moat  Important  aspect  a of  any  new  airplane  development  plan. 

Another  Important  aspect  of  Integration  p r o g r a m a la  the  definition  of  engine  u a a g e 
within  the  flight  mlaaton,  becauae  the  engine  designer  muat  know  at  the  earlleat  poaalble 
time  that  basic  requirements  of: 

o Thrust 

o Engine  usage 

o Weight 

o Cost  and  Schedules 

An  examination  of  these  shows  that  performance  1 a u a ua 1 1 y known  shortly  after  the 
first  engine  goes  to  test.  If  the  performance  falls  abort  of  expectations,  major  Improve- 
ment programs  are  launched  Immediately  to  both  understand  and  correct  deficiencies. 

The  w e 1 g h t of  the  engine  Is  known  even  before  the  drawings  go  to  manufacturing.  The 
Initial  cost  la  reasonably  understood  as  well  as  the  timing,  but  cost  and  delivery  date 
are  closely  dependent  variables.  In  contrast,  however,  mechanical  reliability,  durability 
and  maintainability,  which  are  linked  directly  to  engine  usage,  are  all  related  and  have 
In  the  past  been  an  unknown  for  most  of  the  development  time,  thus,  production  tooling 
becomes  committed,  before  mechanical  programs  occur.  When  these  initially  dormant 
problems  occur,  they  have  detrimental  effects  on  performance  and  maintenance  cost  as 
shown  earlier  in  Figures  5,  b,  and  7. 

It  Is  believed  that  the  Impact  of  these  "built-in  problems"  can  be  reduced  by 
gaining  a better  definition  of  airplane's  effect  on  engine  flight  loads,  and  engine  flight 
image  In  regard  to  basic  mission  severity. 
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DISCUSSION 

J.G. Mitchell,  US 

In  what  areas  do  you  see  the  greatest  need  for  experimental  data  to  complement  the  sophisticated  analytical 
programs? 

Author’s  Reply 

Improved  interface  loads  between  the  airframe  and  the  engine  and 
engine  attachment  loads,  not  envelopes,  but  actual  conditions, 
engine  accelerations  for  actual  airplane  flight  conditions, 
engine  operational  data  such  as  throttle  setting,  RPM,  temperatures,  etc. 
engine  inlet  and  pod  airloads  for  all  flight  conditions. 


analysis  verification  of  extreme  conditions  such  as  blade  loss. 


DYNAMIC  PRESSURE  LOADS  IN  THE  AIR  INDUCTION  SYSTEM 
OF  THE  TORNADO  FIGHTER  AIRCRAFT 


K.  W.  Lotter  and  N.  C.  Bissinger 

Messer  schmitt-  BOlkow-  Blohm  GmbH 
Military  Airplane  Division 
D 8000  MUnchen  80 
Postfach  801160 
Germany 


SUMMARY 

During  compressor  stall  the  peak  pressure  in  the  inlet  duct  can  exceed  the  steady  state 
inlet  total  pressure  by  a wide  margin.  The  heavy  pulses  created  by  an  engine  stall/duct  hammershock 
have  repeatedly  caused  structural  problems  during  flight  testing  of  high  speed  airplanes.  For  the 
Tornado  fighter  airplane  the  auxiliary  air  intake  doors  had  to  be  reinforced  due  to  failures  during  heavy 
surges.  The  pressure  loads  during  hammershock  dictate  the  structural  design  of  the  air  inlet  and  duct. 
Hammershock  pulse  strength  has  been  found  to  be  primarily  dependent  on  overall  compressor  pressure 
ratio.  Structural  design  of  the  Tornado  air  induction  system  has  originally  been  based  on  TF30  engine 
surge  pressure  data,  available  at  that  time.  Extensive  dynamic  pressure  measurements  were  made  at 
a rake  immediately  ahead  of  the  engine  as  well  as  in  the  inlet  duct  and  the  forward  inlet  including  the 
fixed  and  movable  ramps  during  full  scale  inlet/engine  compatibility  testa  carried  out  at  supersonic 
conditions  in  Cell  4 of  the  NGTE/Pyestock,  England.  Engine  stalls  U/ere  created  intentionally  by  off- 
design  inlet  ramp  positions  and  by  modulating  engine  bleed  air  and/or  engine  power  extraction.  The 
surge  overpressures  ahead  of  the  compressor  used  for  duct  design  were  essentially  confirmed  by  these 
tests.  The  hammershock  pressures  measured  along  the  inlet  duct  and  on  the  movable  ramps  allowed 
reliable  load  assessments  for  the  series  aircraft  intake  structure  to  be  made. 


LIST  OF  SYMBOLS 
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Pressure  altitude 


Intake  duct  length 
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J.  INTRODUCTION 

Structural  damage  in  the  engine  air  intake  has  repeatedly  been  recognized  during  flight  testing 
of  new  supersonic  airplanes  (ref.  1,  2).  The  reason  for  this  are  the  heavy  pressure  pulses  created  by 
engine  stall,  generally  designated  as  hammershock.  The  peak  pressure  ahead  of  the  engine  following  an 
engine  stall  can  exceed  the  inlet  total  pressure  by  a wide  margin  and,  therefore,  represents  the  critical 
load  for  the  intake  structure.  Accurate  knowledge  about  this  pressure  during  design  is  essential  for 
determining  the  inlet  structural  requirements. 

Due  to  the  complex  phenomenon  pure  theoretical  prediction  of  surge  pressures  is  difficult  and 
the  designer  is  forced  to  rely  largely  on  available  experimental  data.  Various  correlations  have  been 
published  for  different  engines  (ref.  2 to  7)  but  there  is  still  a lack  of  generality,  because  the  peak 
pressure  is  not  only  dependent  on  the  engine  considered  but  also  on  the  stall  triggering  method.  Further 
variables  influencing  the  stall  pulse  strength  are  engine  inlet  Mach  number,  fan  bypass  ratio  and  cycle 
pressure  ratio.  Most  correlations  to  date  have  shown  the  peak  stall  pressure  to  be  a function  of  overall 
compressor  pressure  ratio. 

If  an  existing  engine  is  being  installed  in  a newly  developed  airframe  the  hammershock  strength 
in  front  of  the  engine  is  known  from  tests  in  similar  installations.  The  designer  is  then  faced  with 
the  problem  to  predict  the  peak  pressure  amplification  and/or  attenuation  along  the  intake  considered. 

In  cases  where  engine-  and  airframe  development  coincides  the  only  way  is  to  apply  data  available  from 
an  engine  with  comparable  layout. 

This  paper  is  concerned  with  the  description  of  the  engine  face-,  duct-  and  forward  intake 
peak  pressures  applied  for  structural  design  of  the  European  fighter  airplane  Tornado  (fig.  1)  and  the 
experimental  data  obtained  during  the  development  phase  from  full  scale  intake/engine  compatibility 
tests.  The  Tornado  has  jointly  been  developed  by  Germany,  United  Kingdom  and  Italy.  It  is  powered  by 
two  Rolls  Royce  RB199-34R  engines,  especially  designed  to  fulfill  the  versatile  requirements  for  that 
new  all-weather  multi-role  fighter  aircraft.  No  information  on  hammershock  pressures  produced  by 
these  engines  was  available  during  aircraft  prototype  design  in  1969  because  engine  and  airframe 
development  were  initiated  at  the  same  time. 

The  critical  design  loads  for  the  intake  duct,  therefore,  were  based  on  published  hammershock 
data  produced  by  the  TF30  engine  which  has  a similar  bypass  ratio.  Available  pressure  data  measured 
earlier  in  the  intake  of  the  Concorde  airplane  were  used  to  predict  the  loads  on  the  movable  intake  ramps 
and  in  the  boundary  layer  bleed  void.  The  applied  peak  pressures  were  later  essentially  confirmed 
during  full  scale  tests  with  an  intake /engine  combination  by  intentionally  produced  engine  surges. 

2.  TORNADO  PROPULSION  SYSTEM 

The  Tornado  is  powered  by  two  RB199-34R,  three-spool  turbofan  engines  with  afterburners, 
buried  side  by  side  in  the  aft  end  of  the  fuselage.  The  overall  arrangement  is  shown  in  fig.  2.  A 
variable -geometry  two  dimensional  intake  is  provided  for  each  engine  and  each  intake  is  controlled  by 
an  electrohydraulic  control  system  to  ensure  high  operational  efficiency.  The  air  intakes  are  disposed 
on  each  side  of  the  forward  fuselage.  They  are  of  the  all  external  compression  type  with  the  compression 
wedges  oriented  horizontally,  forming  the  upper  surface  of  the  intake.  The  first  ramp  is  fixed,  the 
second  ramp  is  variable.  The  subsonic  ramp  is  mechanically  linked  to  the  second  ramp  and  both  are 
operated  by  a single  actuator. 

The  intake  boundary  layer  is  bled  through  the  wide  slot  formed  between  the  trailing  edge  of  the 
second  ramp  and  the  leading  edge  of  the  subsonic  ramp. 

Each  intake  is  equipped  with  two  blow-in  type  auxiliary  air  intakes  (fig.  3).  The  twin  doors  of 
each  auxiliary  air  intake  are  slaved  through  a bracket  and  are  spring  pre-loaded.  Hydraulic  dampers 
mounted  on  the  duct  side  of  each  of  the  inner  doors  will  prevent  structural  damage  during  engine  surge. 

3.  INTAKE  DESIGN  LOADS 

During  design  of  the  Tornado  the  hammershock  pressures  which  the  RB199-34R  would  produce 
were  unknown  since  engine  development  was  started  at  the  same  time.  For  the  intake  duct  design,  there- 
fore, the  data  available  at  that  time  from  the  TF-30  engine  (obtained  in  NASA  Cell  I A.  T.  F. ) were  applied. 
This  was  thought  justified  since  the  TF-30  engine  cycle  is  comparable  to  that  of  the  RBI 99. 


Due  to  the  limited  knowledge  about  the  hammershock  phenomenon  the  upper  boundary  of  the 
available  TF-30  data  was  used  as  the  basis  for  design  (fig.  4). 
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The  Tornado  forward  intake  geometry  is  very  similar  to  that  of  the  Concorde.  Use  could, 
therefore,  be  made  of  the  experience  gained  from  surge  pressure  attenuation  over  the  Concorde  forward 
intake.  The  thus  derived  longitudinal  distribution  of  the  peak  surge  pressure  for  the  engine  intake, 
applied  for  prototype  design,  is  also  shown  in  fig.  4. 

Early  surge  pressures  gathered  from  the  RB199-34R  flying  test  bed  (Vulcan)  were  essentially 
within  the  assumed  pressure  limit. 

Further  confirmation,  however,  was  necessary  with  the  intake  operating  at  supersonic 
conditions  in  order  to  confirm  and  define  the  design-limiting  loads  for  the  series  aircraft.  The  relevant 
tests  will  be  described  in  detail  in  section  5. 


4.  AUXILIARY  AIR  INTAKE  DOOR  FAILURES 

During  early  prototype  flying  auxiliary  air  intake  door  failures  happened  due  to  excessive 
hammershock  loads.  These  high  loads  were  created  by  heavy  surges  following  bird  ingestion  and  reheat 
overfuelling.  The  damage  occurred  to  the  brackets  which  link  the  inner  and  outer  doors  together  (see 
fig.  3).  When  the  doors  are  partly  or  fully  open,  i.e.  during  high  engine  rating  at  low  flight  speed  and 
on  the  ground  respectively,  the  hammershock  pressure  can  penetrate  into  the  space  between  the  doors 
and  create  high  tension  forces  in  the  brackets.  The  magnitude  of  the  hammershock  pressure  between 
the  doors  was  underestimated  during  prototype  design  due  to  lack  of  data.  Fig,  5 shows  details  of  the 
broken  bracket. 

For  a constant  differential  pres  sure  acting  on  the  outer  door,  the  bracket  tension  force  increases 
rapidly  as  the  auxiliary  intake  door  approaches  the  fully  open  position  (see  fig.  6).  This  is  because  of 
the  fact  that  the  angle  13  between  the  bracket  and  the  door  reduces  to  small  angles  as  the  door  angle 
increases. 

In  order  to  obtain  more  precise  knowledge  about  the  true  door  loads  the  brackets  were 
instrumented  with  strain  gauges  during  the  following  flight  test  period.  The  bracket  force  measured 
during  a hammershock  is  presented  in  fig.  7.  The  trace  directly  reflects  the  pressure  fluctuation 
in  the  intake  duct  during  a hammershock  which  can  be  seen  from  typical  hammershock  pressure  signa- 
tures, as  shown  later  in  fig.  12.  The  trace  for  the  door  angle  in  fig.  7 shows  that  the  damper  allows  the 
door  only  to  close  by  a small  amount  and  thus  prevents  banging  the  door  against  the  frame. 

For  redefining  the  auxiliary  intake  door  loads  a correlation  was  made  between  the  measured 
peak  bracket  forces  and  the  relevant  engine  face  peak  surge  pressures.  By  applying  the  relationship 
between  bracket  force  and  door  angle  (fig.  7)  an  equivalent  door  differential  pressure  was  calculated  for 
the  front  and  the  rear  doors.  This  differential  pressure  is  depicted  in  fig.  8 versus  door  angle  for  flight 
at  sea  level  which  yields  the  most  critical  pressures.  These  pressures  were  used  for  the  redesign  of 
the  auxiliary  intake  doors.  The  modified  design  incorporated  reinforced  inner  and  outer  doors, 
alteration  of  the  door  hinge,  stronger  bracket  and  bracket  joints  and  finally  repositioning  of  the  brackets 
to  increase  the  angle  fl  in  the  fully  open  door  position. 

5.  INTAKE/ENGINE  COMPATIBILITY  TEST 

Tests  were  made  at  supersonic  speeds  in  Cell  4 at  NGTE,  Pyestock,  England  with  a full  scale 
intake/engine  combination  as  the  main  contribution  to  the  intake/engine  compatibility  program.  The 
prime  object  of  these  tests  was  to  investigate  the  intake  and  engine  operation  under  supersonic  flight 
conditions  with  the  intake  controlled  both  by  the  automatic  Air  Intake  Control  System  and  manually  to 
test  the  effect  of  ramp  excursions  on  engine  behaviour.  The  manual  control  enabled  extreme  subcritical 
and  supercritical  intake  conditions  so  that  the  intake  could  be  operated  into  buzz  and  at  flow  conditions 
with  high  dynamic  distortion,  respectively.  The  engine  was  run  in  dry  and  reheat  condition  and  a slave 
loading  system  was  employed  to  represent  the  electrical  and  hydraulic  power  off-take  requirements  from 
the  HP  spool. 

Since  engine  surges  could  be  produced  intentionally  during  these  tests  provision  was  made  to 
measure  the  dynamic  pressure  over  the  intake  and  in  the  duct  during  hammershock  cycles  to  gather  data 
under  realistic  conditions  for  assessment  of  the  dynamic  loads  to  be  applied  for  the  series  aircraft 
design. 

5.  1 Test  Set-Up 

The  supersonic  powerplant  test  cell  at  NGTE,  Cell  4,  is  shown  in  fig.  9.  The  5 ft  x 5 ft 
supersonic  free  jet  is  produced  by  a nozzle  having  two  flexible  walls  moving  between  fixed  side  plates. 
The  intake  is  mounted  in  the  central  part  of  the  nozzle  and  is  subjected  to  conditions  experienced  in  free 
flight.  The  engine  exhaust  is  ducted  to  the  main  gas  coolers  through  a water-cooled  diffuser.  The  range 
of  incidences  was  varied  from  Of  = -2  to  +9  during  these  tests. 
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5.2  Instrumentation 

To  measure  the  intake  dynamic  flow  distortion,  a rake  incorporating  40  steady  state  pitot  tubes 
and  40  Kulite  pressure  transducers  was  fitted  in  front  of  the  engine  (fig,  10).  Additionally,  11  high 
response  static  pressure  transducers  and  2 total  pressure  transducers  for  the  measurement  of  the 
pressure  time  history  during  intake  hammershock  were  installed  at  different  intake  locations.  2 static 
pressure  transducers  were  located  at  opposite  sides  of  the  duct  wall  in  the  rake  plane  to  measure  the 
hammershock  pressure  level  ahead  of  the  engine,  4 were  distributed  over  the  forward  intake  and  5 were 
mounted  in  the  bleed  void  above  the  movable  ramps.  Engine  surges  were  detected  using  the  NGTE  surge 
monitor  which  displayed  the  HP  compressor  delivery  pressure  gradient  dP/dt  on  an  oscilloscope.  Other 
intake  and  engine  data  for  the  benefit  of  intake  and  engine  control  systems  and  detailed  engine 
investigations  are  not  described  in  this  paper. 

5.  3 Data  Acquisition 

All  dynamic  pressure  signals  were  recorded  on  an  AR1600  and  some  on  an  FR1300  magnetic 
tape  recorder.  The  AR1600  signals  are  frequency  modulated  on  centre-frequencies  of  40  kHz,  70  kHz, 
124  kHz,  256  kHz  and  384  kHz.  The  AR1600  tape  speed  during  recording  was  60  inches  per  second. 

The  smallest  frequency  range  of  a signal,  therefore,  was  about  1 kHz.  The  FR1300  signals  are 
frequency  modulated  at  27  kHz.  The  recording  tape  speed  was  15  inches  per  second.  The  signal 
frequency  range  is  5 kHz.  For  identification  purposes  a time  code  and  the  intercommunication  of  the 
test  operators  were  also  recorded  on  the  tapes.  Fig,  1 1 shows  the  data  recording  system  and  the  arrange- 
ment for  data  replay  and  analysis. 

For  analysis  of  the  surge  pressures  the  signals  on  the  AR1600  tape  were  played  onto  a 
FR  1 300  tape.  The  AR  I 600  tape  was  run  with  a tape  speed  of  60  inches  per  second.  The  exit  filters  were 
set  to  cut-off  frequencies  above  1 kHz.  The  FR  1 300  tape  speed  was  15  inches  per  second  during  the 
recording  and  1 ’/g  inches  per  second  during  the  replay  of  the  data.  The  pressure  traces  were  repro- 
duced on  an  eight-channel  pen  writer  using  a paper  speed  of  5 and  100  mm/sec  respectively.  The  high 
paper  transmission  speed  was  used  for  detailed  evaluation  of  the  surge  pressures.  For  a more  exact 
investigation  of  the  pressure  rise-time  during  a surge,  selected  pressure  signals  were  again  replayed 
from  the  AR1600  and  the  FR1300  tape  onto  a Honeywell  Visicorder  1858  CRT  using  1882  LGD  amplifiers 
with  a cut-off  frequency  of  12.  5 kHz  and  a sampling  rate  of  50  samples/sec.  The  frequency  range  of 
these  traces  was  5 kHz. 

5.4  Surge  Initiation 

During  the  main  compatibility  tests  which  included  investigations  like  effect  of  compressor 
bleed,  power-off  take  from  the  HP  spool  at  dry  and  reheat  condition,  ramp  angle  and  pitch  transients 
etc.  , the  engine  was  run  successfully  without  major  problems. 

A number  of  surges  was,  therefore,  produced  intentionally  to  investigate  procedures  to  re- 
cover the  engine  after  a surge  and  also,  to  produce  intake  hammershocks  for  the  recording  of  dynamic 
intake  pressures.  The  procedure  adopted  was  to  set  up  a steady  test  condition,  take  a scan  of  all  data 
and  then  change  one  variable  which  finally  produced  a surge.  The  changes  incorporated 

• closing  of  the  engine  bleed 

• increasing  of  slave  load  to  extreme  conditions 

• increasing  of  intake  ramp  angle  (reduce  intake  throat) 

a driving  the  intake  into  buzz 

5.  5 Measured  Hammershock  Pressures 

In  fig.  12  the  surge  pressure  time  histories  of  a typical  surge  at  = 2.0,  Q = 2°  in  Cell  4 
are  shown  for  different  locations  in  the  intake.  The  surge  shown  was  triggered  by  increasing  the  slave 
load.  The  time  delay  between  the  pressure  rise  at  the  two  rake  plane  stations  (Stn.  52  and  53)  indicates 
that  the  shock  is  not  like  an  ideal  wave  normal  to  the  duct  centre  line.  The  peak  pressure  at  both 
locations,  however,  reaches  nearly  the  same  level.  The  time  for  a whole  hammershock  cycle  is  about 
60  milliseconds  and  the  upstream  movement  of  the  pressure  wave  can  be  recognized  by  the  time  delay 
between  the  pressure  rise  at  the  individual  traces.  It  is  also  reflected  in  the  figure  that  the  surge  over- 
pressure (the  increment  above  the  steady  state  pressure)  at  the  rake  plane  ahead  of  the  engine  (traces 
52,  53)  is  exceeded  at  several  stations  in  the  forward  intake,  that  is  in  the  intake  throat  region  (traces 
47  and  41)  and  in  the  extreme  corners  of  the  bleed  void  (traces  44  and  45). 

The  peak  surge  pressures  of  a number  of  intentionally  produced  surges  are  presented  in  fig.  1 3 
for  the  different  locations  in  the  intake  versus  the  peak  surge  pressure  at  the  engine  face  (rake  plane). 

The  test  conditions  comprise  free  stream  Mach  numbers  from  M0  = 1.6  to  2.0  and  incidences  from 
G=  -2  to  +5  . The  pressure  rise  above  the  pre-surge  steady  state  pressure  due  to  a hammershock  is 
plotted  in  fig.  14  for  different  locations  in  the  intake.  The  high  pressure  rise  in  the  intake  throat  and 
the  extreme  bleed  void  comers  for  nearly  all  surges  can  be  seen  from  that  picture.  A plot  of  these 
pressures  versus  fuselage  station  is  shown  in  fig.  I 5,  the  local  overpressures  being  referred  to  the 
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overpressure  at  the  engine  face.  The  relative  large  scatter  band  of  the  data  follows  from  the  fact  that 
the  shape  of  a hammershock  wave  varies  from  surge  to  surge  resulting  in  different  pressure  distribution* 
along  the  intake.  The  general  trend,  however,  is  that  the  surge  pressure  rise  increases  as  the  duct 
area  (fig.  16)  reduces.  A rapid  pressure  decrease  can  be  seen  upstream  of  the  cowl  lip. 

This  trend  has  also  been  observed  in  the  intake  of  the  F-lll  fighter  and  was  subsequently 
applied  to  the  YF-16  fighter  intake  design  (ref.  8). 

The  peak  surge  pressures  measured  in  Cell  4 in  front  of  the  engine  compressor  are  plotted 
versus  overall  compressor  pressure  ratio  in  fig.  17  and  compared  with  the  prototype  design  pressure 
w™ch  was  based  on  TF-30  maximum  surge  pressures.  It  can  be  seen  that  all  test  data  are  below  or 
just  on  the  prototype  design  line.  For  this  reason  it  was  decided  to  retain  the  prototype  design  pressures 
for  the  series  aircraft. 


6.  LOAD  ASSESSMENT 

f>.  1 Intake  Diffuser 


The  surge  pressure  loads  for  the  intake  diffuser  are  determined  by  applying  the  peak  surge 
pressure  correlation  of  fig.  17  together  with  the  relevant  data  for  the  freestream  total  pressure,  the 
intake  pressure  recovery  and  the  compressor  pressure  ratio.  Cold,  standard  and  hot  atmospheres  are 
to  be  considered  to  identify  the  most  critical  pressure  loads  for  the  intake  structure.  The  result  of 
such  a calculation  for  a cold  day  atmosphere  is  shown  in  fig.  18  which  presents  the  peak  surge  pressure 
as  a function  of  flight  Mach  number  and  altitude.  It  was  shown  that  the  highest  pressures  are  associated 
with  the  cold  day  atmosphere  because  of  the  resulting  higher  corrected  airflow  and  compressor  pressure 
ratio.  It  should  be  mentioned  here  that  during  stress  calculations  structure  temperatures  for  the  different 
climatic  conditions  must  be  considered  in  conjunction  with  the  pressures  because  the  duct  strength  is 
heavily  affected  by  temperature  at  extreme  operating  conditions  like  high  flight  Mach  number  at  low 
altitude. 


Consideration  must  also  be  given  during  intake  diffuser  design  to  the  magnification  of  the 
normal  operation  duct  underpressure  due  to  hammershock.  At  zero  and  low  flight  speed,  the  steady  state 
duct  pressure  reduces  below  ambient  pressure  a.  the  engine  mass  flow  is  increased!  The  negative  cycle 

ctiUcJlTT  f flR'  l9)  furth<,r  educes  this  underpressure  and  therefore  defines  another 

critical  load  case  for  the  intake  structure.  For  the  low  speed  flight  conditions  the  most  representative 
and  comprehensive  data  were  available  from  surges  in  the  Vulcan  flying  test  bed  (F.  T.  B. ). 

^■‘8 • 1 9 shows  the  maximum  measured  underpressures  obtained  during  flights  with  the  F.T.  B. 
in  front  of  the  engine  as  a function  of  overall  compressor  pressure  ratio  (ref.  9).  The  broken  curve 
represents  the  mean  of  all  measured  data.  For  duct  strength,  however,  the  solid  curve  was  proposed 
in  order  to  cover  the  most  critical  surge  cases.  The  two  data  points  on  the  left  hand  side  below  the  solid 
curve  are  not  critical  with  respect  to  maximum  underpressure  because  they  were  recorded  at  low  eom- 
pres, or  pressure  ratios  which  do  not  occur  in  flight  regimes  yielding  to  extreme  underpressures.  The 
duct  differential  pressures  deduced  from  the  solid  curve  are  shown  in  fig.  20  for  "combat"  engine  power 
setting  at  different  flight  Mach  numbers  and  altitudes.  The  determining  underpressure  can  be  seen  to 
occur  at  sea  level  take-off  conditions. 


6.  2 Movable  Intake  Ramps 

6.2.  1 Third  Ramp 

The  longitudinal  shape  of  the  travelling  wave  which  can  be  determined  by  comparison  of  the 
time  histories  from  transducers  at  different  longitudinal  locations  is  shown  in  fig,  21  on  the  lower  side 
of  the  third  ramp.  The  most  critical  load  on  this  ramp  occurs  at  the  moment  when  the  hammershock 
wave  front  reaches  the  ramp  leading  edge.  For  the  wave  shape  shown  in  fig.  17.  the  peak  hammershock 
pressure  is  felt  nearly  over  the  whole  ramp  length  while  the  upper  ramp  side  is  still  subjected  to  the 
s eady  state  bleed  void  pressure.  Approximation  of  the  wave  shape  by  a constant  pressure  distribution 
of  the  peak  pressure  level  overestimates  the  ramp  load  by  only  3 %.  The  third  ramp  differential 
pressure,  therefore,  was  predicted  by  applying  the  peak  hammershock  pressure  over  the  whole  length 
of  the  lower  ramp  side  and  the  pre-surge  steady  state  bleed  void  pressure  over  the  upper  side.  For 
typical  supersonic  ramp  positions  the  Cell  4 test  data  showed  that  the  absolute  hammershock  pressures 
in  the  region  of  the  third  ramp  were  of  nearly  the  same  level  as  in  the  engine  face  rake  plane  (see  fig  13) 
For  this  reason,  the  engine  face  pressures  presented  in  fig.  14  were  applied  as  the  peak  pressures  to  the 
lower  side  of  the  third  ramp. 


The  resulting 
in  fig.  21  for  Mil.  Spec. 


ramp  differential  pressures  for  constant  calibrated  flight  speeds  are  also 
cold  day  climatic  conditions  which  yielded  to  maximum  pressures. 
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Fig  1 Tornado  multi -role  fighter 
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Fig  2 Tornado  propulsion  system 
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Fig.  6 Bracket  force  variation  versus  auxiliary  intake  door  position 
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Fig  9 Full  scale  intake/engine  tests  in  cell  4 at  NGTE/Pyestock 


Recording 


Replay  1 


Replay  2 


Fig.ll  Data  acquisition 


surge  pressure 


Prototype 
Design  Pressure 
(TF-30max)  \ 


TEST  DATA 


Compressor  overall  static  pressure  ratio-,  "2s 
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design  pressures 


Mil.  Spec.  Cold  Day  Atmospnere 
COmbat  /\ 

x^\ V \ v*-  yvyv 

\ \ \ x \ v,  y \ X V \ 


Fig.  18  Peak  surge  pressures  in  front  of  engine  for  series  aircraft  design 
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DISCUSSION 


Could  some  of  the  experiments  (Cell-4,  Vulcan  night  test)  have  been  performed  during  the  development  phase  of 
the  Tornado  to  detect  and  prevent  the  problem? 


Author's  Reply 


Such  tests  early  during  the  development  would  have  been  very  desirable.  We  have  repeatedly  been  thinking  of  possi- 
b'l't'es  °»  how  'o  Properly  simulate  the  hammershock  in  a test  rig.  As  far  as  I know,  this  has  not  been  performed 
elsewhere  and  we  don’t  have  such  a device  available  too.  The  problem  is  not  only  to  simulate  the  correct  peak  level 
ot  the  hammershock  wave  but  also  the  wave  shape,  i.e.  especially  the  rise  time  to  the  peak  level,  which  is  of  the 
order  of  I msec  or  below.  The  rise  time  has  a dominant  effect  on  the  dynamic  behaviour  of  the  structure. 

Investigations  and  developments  of  relevant  simulation  techniques  would  really  be  of  great  interest. 

However,  if  an  engine  is  already  available  during  design  of  a new  aircraft  the  most  easy  and  realistic  test  would 
probably  be  to  use  that  engine.  In  our  case  the  engine  was  not  available  at  that  early  stage. 
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HANDLING  PROBLEMS  THROUGH  COMPRESSOR  DETERIORATION 

by 

Ir.  J.P.K.  Vleghert 
Performance  and  Evaluation  Dept 
National  Aero  Space  Laboratory  NLR 
Anthony  Fokkerweg  2 
1059  CM  AMSTERDAM 
The  Netherlands 


RNLAF  has  experienced  performance  loss  and  an  Increased  rate  of  ln-flight 
compressor  stalls  due  to  compressor  deterioration  of  some  of  their  15  year  old  engines. 
Investigation  on  the  Maintenance  Depot  test  bed  showed  that  significant  loss  of  air  mass 
flow  occurred  near  the  surge  line  under  conditions  which  were  not  covered  by  the  normal 
post-overhaul  acceptance  tests.  Also  it  was  found  that  impending  stall  was  always 
preceded  by  increasing  pressure  fluctuations,  although  the  level  of  these  pressure 
fluctuations  varied  with  different  engines.  A method  was  developed  to  routine-check  for 
this  phenomenon. 

The  surge  margin  of  the  affected  engines  was  recovered  by  replacing  the  rear 
compressor  casing.  Further  investigation  is  being  conducted  by  the  engine  manufacturer 
to  narrow  down  the  reason  for  the  engine's  behaviour. 


1 . INTRODUCTION 

With  increasing  age  beyond  the  teething-trouble  period  one  naturally  expects  some 
deterioration  in  performance.  On  jet  engines  in  first  instance  this  takes  the  shape  of 
an  increase  in  Specific  Fuel  Consumption  (SFC) , usually  combined  with  an  increase  of 
Turbine  Entry  Temperature  (TET)  for  the  same  thrust,  or  conversely,  when  TET  is  limiting, 
a reduction  of  maximum  thrust.  Neither  of  these  aspects  usually  bothers  the  military 
operator  much,  as  the  increased  fuel  consumption  only  results  in  a slight  reduction  of 
flying  time  and  he  generally  has  plenty  thrust,  for  safety  any  way.  This  is  in  marked 
contrast  with  a civil  operator  who  has  to  fly  from  A to  B and  who  will  see  his  fuel 
budget  go  up  and  may  see  his  (performance-limited)  payload  go  down,  while  component 
replacement  to  keep  performance  will  make  his  maintenance  budget  go  up. 

There  is  another  aspect  however  which  should  bother  the  military  operator,  and  that 
is  loss  of  stall  margin  in  the  compressor.  This  leads  to  an  increased  occurrence  of  in- 
flight compressor  stalls,  which  may  be  further  compounded  by  a decreased  ability  to 
recover  from  a stall.  With  single-engined  aircraft  - especially  when  on  a low-level 
mission  - this  may  result  in  loss  of  the  aircraft.  Usually  the  post-overhaul  testing  of 
the  engine  consumes  only  part  of  the  stall  margin  necessary  for  trouble-free  military 
operation,  therefore  a critical  loss  of  stall  margin  may  pass  unnoticed. 

This  type  of  problem  has  occurred  in  the  Royal  Netherlands  Air  Force  (RNLAF)  with 
some  of  their  older  engines. 


2.  POST-OVERHAUL  CHECK 

The  post-overhaul  test  is  the  most  extensive  check  the  engine  is  submitted  to;  it 
generally  consists  of  a functional  check  for  proper  assembly  (leaks)  and  adjustment,  a 
handling-  and  a performance  check.  The  engine  has  to  meet  certain  minimum  values  for 
maximum  thrust,  both  with  and  without  After  Burner  (AB) , and  maximum  values  for  SFC  (at 
lower  thrust)  and  - for  taxying  considerations  - idle  thrust.  The  handling  tests  entail 
all  normal  throttle  movements,  AB  transients  and  - numerically  - time  from  start-up  to 
steady  idle  and  slam  accel  time  to  maximum  thrust.  These  tests,  apart  from  checking  the 
accel  schedule  of  the  Main  Fuel  Control  (MFC)  also  ensure  a certain  minimum  stall  margin 
which  is  required  for  engine  acceleration,  as  during  this  time  the  compressor  will  be 
loaded  above  the  normal  Operating  Line. 

All  these  tests  are  normally  executed  on  a static  test  bed  which  is  usually  equipped 
with  a bellmouth  intake  for  the  engine,  to  ensure  standard  base  line  conditions.  A newly 
overhauled  - or  extensively  repaired  - engine  is  furthermore  given  a Functional  Check 
Flight  (FCF)  in  which  the  slam  accel  time  is  measured  at  altitude  and  the  aircraft 
transonic  acceleration  time  is  determined  to  check  thrust  minus  drag.  As  a further 
handling  check  the  aircraft  acceleration  is  continued  to  high  Mach  numbers;  the  high 
Compressor  Inlet  Temperature  (CIT)  in  combination  with  inherent  intake  pressure 
distortion  forms  the  ultimate  check  on  engine  stall  margin. 


3.  ENGINE  CHARACTERISTICS 

The  engine  in  question  is  a medium  compression  ratio  single  shaft  straight  jet  with 
variable  final  nozzle,  which  for  its  off-design  running  relies  on  Variable  Stator  Vanes 
(VSV) . These  are  positioned  by  a hydraulic  servo  system  as  a function  of  RPM  (=N)  and 
CIT,  but  not  N/V  CIT.  At  high  CIT  - when  engine  rotational  speed  is  normally  constant  - 
VSV  are  scheduled  slightly  more  open  than  for  the  equivalent  N/  \fcVT  under  test  bed 
conditions,  which  means  that  the  standard  test  bed  performance  is  not  fully  representative 
for  high-Mach  conditions. 

As  the  VSV  are  normally  scheduled  towards  the  closed  position  when  RrM  is  decreasing 
the  possibility  exists  to  determine  some  kind  of  a (low  corrected  speed)  stall  margin  by 
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locking  VSV  in  the  fully  open  position  and  decreasing  RPM  till  inevitably  stall  occurs, 
which  should  not  happen  above  a certain  value.  The  so-called  decel  stall  margin  for  this 
engine  is  measured  in  RPM,  dependent  of  couise  on  fully  open  VSV  position  and  C1T. 
Originally  the  engine  was  pulled  into  stall  to  determine  this  value,  but  as  stall  is  an 
explosive  happening  which  does  any  engine  a lot  of  no-good  this  practice  was  discontinued, 
and  the  decel  stall  procedure  is  stopped  a certain  safe  distance  from  the  average-new- 
engine  stall  point.  This,  while  minimizing  possible  high  cycle  fatigue  damage  to  blades 
and  vanes,  however  has  the  disadvantage  of  allowing  a certain  reduction  of  stall  margin 
to  pass  unnoticed.  Generally,  when  an  engine  fails  the  decel  stall  test,  it  also  falls 
the  FCF  and  vice  versa,  therefore  the  two  are  compatible. 


4.  OPERATIONAL  EXPERIENCE 

The  first  indication  of  discrepancy  was  a deficiency  of  high-Mach  acceleration  in 
some  aircraft/engine  combinations,  noted  by  clocking  high-altitude  runs.  Flight  testing 
with  two  instrumented  aircraft  and  three  engines  revealed  that  the  phenomenon  moved  with 
the  engine,  thus  exonerating  aircraft  drag.  The  engine  controlling  parameters  i.e.  RPM, 

EGT , VSV  and  ABFF  were  nearly  on  schedule  and  therefore  responsible  for  only  a small 
part  of  the  discrepancy.  Half  the  discrepancy  was  caused  by  the  engine  mass  flow  being 
lower  than  predicted  at  low  corrected  RPM  and  high  VSV  setting,  as  is  shown  in  fig.  1). 
This  was  measured  on  test  bed  with  the  VSV  locked  in  the  fully  open  position;  the  standard 
test  bed  performance  falling  within  the  tolerance  band  and  therefore  not  giving  rise  to 
any  suspicion.  The  problem  was  corrected  by  a change  in  the  RPM  controlling  law. 

Years  later  an  increase  in  compressor  stall  Incidents  began  to  give  some  concern. 

An  overhaul  depot  test  program  was  initiated  with  two  engines  which  both  had  experienced 
in-flight  stall.  As  a decrease  in  mussflow  at  constant  RPM  entails  a higher  angle  of 
attack  of  blades  and  vanes,  and  therefore  a reduced  stall  margin, mass  fiow  was  measured 
as  well  as  decel  stall  RPM,  and  both  were  found  defective.  It  was  found  that  compressor 
stall  margin  could  be  restored  by  renewing  the  rear  compressor  casing  + vanes. 


5.  TEST  RESULTS 

5. 1 Stall  Margin 

For  comparison  purposes .compressor  mass  flow  was  measured  at  90  * corrected  RPM, 
both  with  VSV  at  normal  schedule  and  in  the  fully  open  position  and  the  comparison  value 
Q90;17  was  then  interpolated  linearly  for  the  normal  open  position  of  17L.  Further  tests 
showed  this  value  to  be  sensitive  to  different  compressor  replacements  and  to  correlate 
closely  with  decel  stall  RPM,  (see  fig.  2)  even  though  that  value  is  considerably  lower 
than  90  * RPM. 

Extensively  instrumented  tests  revealed  that  initial  stall  occurred  between  stage  b 
and  9 (see  fig.  3)  and  that  prior  to  stall  an  increasing  pressure  fluctuation  was 
measured  at  the  point  instrumented  for  differential  pressure  variations,  which  was  stage 
b in  this  case  (Fig.  4).  Further  measurements  on  another  engine  with  simpler  instrumen- 
tation showed  that  the  pressure  fluctuations  start  rising  abruptly  at  some  RPM  above  decel 
stall,  which  seems  to  be  equivalent  with  buffet  onset,  and  then  rise  linearly  with 
decreasing  RPM  (Fig.  5).  In  this  case  differential  pressure  was  measured  at  stage  9 
(DP9)  for  the  simple  reason  that  this  is  accessible  on  any  engine  - also  in  flight  it 
desired  - by  mounting  a modified  bleed  air  manifold  tapping  (Fig.  b) . 

Various  replacements  were  tried  in  the  compressor,  by  far  the  most  effective  being 
replacement  of  the  rear  compressor  casing  + vanes;  this  improved  090; 17  by  5 * on  three 
engines,  effectively  restoring  the  stall  margin  and  doing  away  with  any  DPs  fluctuation 
above  decel  stall  check  RPM.  On  the  strength  of  these  results  a fleet  test  was  initiated 
in  which  Q90;17  and  DP9  were  measured  in  the  field  on  every  engine  to  select  those 
which  required  this  replacement. 

5.2  Stall  Recovery 

On  decel  stall,  RPM  will  drop  within  2 seconds  to  below  idle;  stall  recovery  can 
usually  be  effected  by  releasing  VSV  from  their  fully  open  position  and  retarding  the 
Power  Lever  (PL)  to  idle.  However  figure  7 shows  that  DP9  after  an  initial  drop  starts 
rising  again  while  accelerating  back  to  idle  and  only  vanishes  after  idle  RPM  is  reached 
and  the  MFC  reverts  to  steady-state  fuel  flow.  Figure  8 shows  that  a hang-up  will  occur 
if  during  this  period  PL  is  moved  to  demand  more  thrust  as  the  pilot  will  be  sorely 
tempted  to  do. 

The  Flight  Manual  - recommended  procedure  for  stall  recovery  is  stopcock  - relight . 
Figure  9 shows  that  this  instantly  clears  the  stall  and  that  recovery  is  quicker  than 
when  PL  is  only  moved  to  idle.  However  another  engine  showed  l)P 9 recurrence  - and 
considerably  longer  recovery  time  - after  stopcock- re light  (Fig. 10)  which  presumably 
indicates  deficient  sub-idle  stall  margin  in  this  engine.  This  engine  also  showed  Ul"> 
excursions  during  normal  start-up  to  idle  and  during  slam  acceleration,  which  the  othei 
engine  did  not.  There  is  apparently  a difference  though  between  acceleration  to  idle 
after  normal  start-up  and  after  stall  recovery  with  ri,  in  idle  as  the  "good"  engine  only 
showed  a DP 9 in  the  latter  case  while  max  EGT  was  about  50°C  higher.  According  to  the 
engine  manufacturer  the  hot-metal-to-air  heat  transfer  in  the  latter  case  is  responsible 
for  a somewhat  higher  combustion  efficiency  during  acceleration  to  idle  as  well  as 
possibly  for  some  stage  mis-match  which  might  transiently  reduce  the  stall  margin. 

Factory  tests  are  underway  to  determine  sub-idle  stall  margin  for  such  an  engine. 
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5.3  Field  Results 

Ait  mass  flow  is  measured  on  the  air  base  test  bed  using  static  shoes  in  the 
bellmouth  after  suitable  calibration,  and  a limit  was  set  equivalent  to  the  decel  stall 
limit.  Mass  flow  is  calculated  (while  the  engine  is  still  running)  on  a programmable 
pocket  computer,  which  also  gives  the  effective  turbine  flow  Area  Factor  AF  « Q VEGT/CPR 
as  a check.  On  the  basis  of  this  result  the  decision  is  made  whether  to  run  a decel 
stall  check  or  not.  To  prevent  high-cycle  fatigue  damage  during  execution  of  this  decel 
stall  test  also  DP9  is  measured,  and  an  arbitrary  limit  was  set  of  2 psi  peak-to-peak , 
indicating  on  a simple  a-c  voltmeter  from  a piezo-resistive  pressure  transducer  in  the 
bleed  air  manifold  tapping.  On  the  basis  of  these  tests  engines  were  selected  for 
replacement  of  the  rear  casing. 

The  relation  of  mass  flow  at  90  % corrected  RPM  vs  Vane  Position  Indication  (VPI) 
varied  considerably  between  engines  near  the  fully  open  position.  On  some  engines,  mass 
flow  instead  of  increasing  steadily  with  VPI  as  the  factory  predicts,  show  a maximum 
beyond  which  mass  flow  decreases  again  (Fig.  11).  Likewise  the  factory  has  found  through 
executing  bleed  inflow  stall  tests  on  an  engine  which  experienced  an  in-flight  stall 
that  the  constant  speed  lines  (with  fixed  VPI)  above  the  normal  operating  line  have  a 
much  reduced  slope  of  CPR  vs  mass  flow  relative  to  the  new  engine.  These  effects  indicate 
a lower  stall  margin  while  the  engine  performance  near  the  normal  operating  line  is 
hardly  affected. 

On  the  engines  that  were  pulled  into  stall  a wide  variation  of  DP9  (from  1,5  to 
6 psi  ptp)  was  apparent,  this  is  probably  due  to  the  fact  that  different  engines  stall 
first  in  different  places,  and  a stall  in  stage  9 produces  the  highest  values  of  DP9. 

No  engine  of  the  type  used  by  the  RNLAF  has  stalled  without  exhibiting  a P9  considerably 
in  excess  of  "background  noise"  (generally  0,5-1  psi). 

In  figure  12  the  maximum  DP9  at  the  decel  stall  limit  is  shown  versus  Q90;17  it  is 
apparent  that  in  general  DP9  is  higher  as  this  mass  flow  is  lower.  On  replacement  of  the 
rear  casing  mass  flow  improves  and  DP9  vanishes  indicating  a sound  engine  again. 


6.  POSSIBLE  REASONS  FOR  DETERIORATION 

The  most  likely  reason  for  the  compressor  deterioration  is  corrosion  caused  by 
repeated  low  level  flight  through  polluted  air.  Both  industrial  pollution  and  sea  air 
have  taken  their  toll,  among  other  aspects  in  limiting  through  corrosion  the  slight 
movement  of  the  vanes  in  the  T-slots  of  the  casing,  which  is  necessary  for  vibration 
damping.  Repeated  replacement  of  these  vanes  throughout  the  life  of  the  engines  has 
resulted  in  T-slot  wear  which  is  reponsible  for  vane  twist  and  increased  tip  clearance. 
Overhaul  limits  are  generally  based  on  remaining  strength  and  not  on  performance  or  stall 
margin,  which  therefore  predictably  will  cause  trouble  sooner  or  later. 

Other  corrosion  aspects  are  roughness  of  the  flow  surfaces  and  some  profile 
variation,  probably  mainly  at  the  leading  edges.  An  entirely  different  aspect  is  the 
flight  envelope  of  fighter  aircraft,  which  allows  a high  g- loading  through  which  some 
permanent  ovalisation  of  the  casing  could  result.  It  is  not  known  to  what  extent  each 
of  these  aspects  contributes  to  the  loss  of  stall  margin  in  some  engines,  but  it  is 
clear  that  the  sum-total  can  be  too  much. 

The  typical  flattening  of  constant-speed  lines  at  high  VPI  and  at  CPR  above  the 
normal  operating  line  indicates  a flow  loss  due  to  high  blade  loading,  probably  caused 
by  secundary  flow  losses  near  blade-  and  vane  tips  which  through  boundary  layer 
displacement  reduce  the  effective  flow  area  of  the  compressor  mainly  at  the  back  end. 


7.  CONCLUSIONS 

1.  Compressor  deterioration  which  only  has  a slight  effect  on  the  operating  line  may  have 
a much  larger  influence  on  stall  margin  and  handling. 

2.  Especially  stall  recovery  may  take  considerably  longer  than  accelerating  through  the 
same  RPM  range  from  normal  start-up. 

3.  For  the  subject  engine  type  good  correlation  exists  between  the  low  corrected  speed 
stall  margin  and  the  mass  flow  measured  with  vanes  open. 

4.  The  subject  engine  type  also  exhibits  easily  measurable  pressure  fluctuations  prior 
to  stall. 

5.  Using  a combination  of  mass  flow-  and  pressure  fluctuation  measurement  engines  were 
selected  for  component  replacements  to  restore  stall  margin. 

6.  Similar  measurements  are  employed  to  monitor  stall  margin  on  all  engines. 
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Fig.  3 Detail  of  Decel  Stall  (Pressure  Variations) 
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Fig.  5 Venation  of  procure  fluctuations  ( P9 ) vs  RPM  durn 
Decel  Stoll  Chock 
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Fig.  7 Stall  ond  Recovery  from  Id l« 


Fig.  6 Bleed  Air  Manifold  Topping 


Fig*  U Airflow  v*  Vano  Position  for  con*tont  Corrected  RPM 
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DISCUSSION 


J.G. Mitchell.  US 

Was  there  a consistency  of  flight  conditions  which  induced  stall? 

Did  stall  occur  during  transient,  i.e.  throttle  change  or  Mach  number  or  altitude  change? 

Author's  Reply 

The  condition  most  likely  to  induce  compressor  stall  is  high  supersonic  Mach  number  in  level  accelerating  flight  it 
is  usually  preceded  by  some  snaking  of  the  aircraft.  Otherwise  stalls  have  occurred  during  air  combat  manoeuvring 
and  also  in  steady  low  level  cruise;  but  under  the  last  condition  we  suspect  tip  vortex  ingestion  from  the  leading 
aircraft  in  the  formation.  With  the  refurbished  compressor  no  more  cases  have  occurred. 
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Varlou#  Dimltfii  uul  di*volo|«m>nt  problonm  rein  tod  to  the  i t i on  of  nnn.ll  turbine  «Mi*lmm  In 

nlrornft  Inutull.itlomi  nr*’  reviewed,  Import.tnt  oomililnr.it lonn  In  turbo-prop  inntnl  lnt lone  are  vibration 
traiiomliintbility,  propol  loi"-whl  rl  tint  tor,  en*lne  mtruoturo  strength  nnd  ntlffiimm,  mount  1'nllure  mo. Ion , 
and  naonll*  clearance**,  Additional  requl rementn  are  adequate  compartment.  ventilation  and  oivtlno  oil 
ooolltvt  with  minimum  aerodynamic  loan.  Thu  InOtalln  tlonu  of  the  lTh  nor  ton  of  turbo-prop  on*  1 non  urn 
dt.ouaned  In  particular. 

In  1 roduc  tlon 

'Hu*  KT6  eerlee  of  turbine  engines  hae  boon  in  production  at  Pratt  .V  Whitney  Aircraft  of  Canada  Ltd. 
wince  the  early  elxtlee.  A In r$v  number  of  model w have  evolved  from  the  Initial  deal^n  and  they  are 
need  in  a fcreat  variety  of  appllcatione.  borne  of  three  are  etationary,  marine  or  aurface  traneportal ion 
appl  lea  t.  toil**  However,  the  wide  at.  application  of  the  PTC'  engine  in  in  airborne  inetal  latione,  ae  main 
propulsion  unite  in  helicopters  anti  general  aviation  aircraft.  In  the  Spring  of  1 d/H  the  total  number 
of  FT6  engines  produced  exceeded  IS, 000  and  the  total  running  time  of  all  unite  exceeded  si  million  hre. 

Leading  the  family  of  I'Tb  turbo-prop  application*  the  HY*  module  A-.'O  and  A-,'7  are  need  in  euch 
light  aircraft,  ae,  for  example,  Heech  A -->0  and  librae r KMH-llO.  The  more  powerful  lTbA-41  ie  need  in 
commuter  aircraft,  euch  ae  Heech  A-200.  The  PTbA-'SO  ie  the  powerplant  in  the  He  Havilland  Aircraft  of 
Panada  Ltd,  STOl  aircraft  MIC-/.  'I’ll ere  are  a number  of  other  lTb  turbo-prop  appllcatione,  some  in 
aircraft  of  new  denial  and  eome  in  modified  existing  designs.  A recent  surge  in  lntereat  in  the  l'Th 
hae  occurred  in  the  application  to  agricultural  aircraft.  A cross-section  of  the  lTbA-41  in  ehown  in 
Figure  1. 


Fig.  1 - C ivee-bect  ion  of  lThA-41 


Many  of  these  appllcatione  require,  in  the  A A*  design  phaee,  installation  eupport  from  IWWf  to 
enrture  optimum  integration  of  the  powerplant.  in  the  aircraft  and  adherence  to  the  related  a i rwort hineee 
requirements.  It  ie  the  purpose  of  t.hie  paper  to  review  the  more  signi f leant  aepecte  of  inetal latione, 
structural  /nut  otherwise,  that  muet  be  ooneidered  in  the  design  phaee.  'Hie  choice  of  propeller  and  the 
required  power  for  a particular  application  to  produce  the  doeirod  performance  hae  already  been  rertolved 
at  thlw  stage  ajid,  therefore,  fa  tie  outside  the  ocopo  of  this  paper. 
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A typical  Installation  of  a Wt>  turbo-prop  online  In  a nacolle  Is  show  In  Flgurs  ?.  For  ouch  an 
Installation  some  of  the  requirements  concern  the  following! 

- strength  ,md  stiffness 

- vibration  isolation 

- propeller  whirl  flutter 

- Installation  induced  engine  vibration 

- accessories 

- compartment  ventilation 

- engine  Integrity 

letch  of  these  Items  will  be  discussed  separately. 


Tlu»  Type  Certificate  for  ;ui  engine  in  a particular  aircraft  installation  is  awarded  after  the 
successful  completion  of  a program  of  ri  go rous  touting  and  detailed  theoretical  analyses,  aw  prescribed 
In  the  relevant  Airworthiness  Standards,  Those  Standards  are  very  specific  for  aircraft  onlines  and  for 
the  type  of  aircraft  in  which  the  engine  is  installed.  In  particular  with  respect  to  the  strength  of 
the  installation  the  Standard s provide  the  loads  that  must  be  considered. 

From  the  viewpoint  of  the  engine  manufacturer  the  Important  loads  on  the  engine  structure  are  the 
torque  .and  thrust  loads  on  the  propeller,  and  the  manoeuvre  loads,  all  of  which  are  to  be  reacted  by 
the  engine  structure,  the  mounts  and  the  supports.  In  a typical  installation  where  the  moiuits  ore 
located  in  a single  piano  behind  the  c.g,  of  the  installation,  the  manoeuvre  loads,  primarily  those 
acting  on  the  propeller,  may  cause  high  bending  moment  and  shear  loads  in  the  engine  casing.  The  gyro- 
scopic moments  on  the  propeller  due  to  yaw  and  pitch  accelerations  must  be  taken  into  account. 
Accessories,  ouch  an  electrical  generators  and  pumps,  which  are  mounted  on  the  engine  casing  ore  subject 
to  manoeuvre  loads.  Their  attachment  or  support  must  bo  checked  for  strength. 

The  development  of  the  PT6  series  of  engines  over  the  years  has  been  directed  towards  higher 
powerlevels,  lower  propeller  speeds,  .and  reduced  weights.  The  weight  of  the  complete  installation  has 
steadily  increased  (Figure  ^),  but  the  weight  of  the  propeller  and  the  accessories  increased  faster 
than  that  of  the  engine  itself.  Increased  power  /uid  lower  propeller  speeds  demand  larger  propellers 
(Figure  4)  and  increased  torques.  Installation  weight  per  installed  horsepower  and,  especially,  engine 
weight  per  Installed  horsepower  have  decreased. 


Weight  (lb)  Weight  (Kg) 


Fig.  ^ - Weights  of  Some  Installations 
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Dimension  (Inch)  Dimension  (metre) 


The  implication  of  this  trend  for  the  engine  designer  is  that  the  structural  strength  of  engine 
casings,  mount  attachments,  and  accessory  supports  has  become  more  critical  and  must  be  the  subject  of 
detailed  analyses  in  each  Individual  installation.  The  implication  for  the  aircraft  manufacturer  iB 
that  the  choice  of  propeller,  mounts,  and  accessories  may  have  an  important  effect  on  Borne  details  of 
the  engine  design. 

The  choice  of  the  mounts  and  the  design  of  the  nacelle  and  engine  support  structure  are  in 
general  not  the  responsibility  of  the  engine  manufacturer.  In  most  installations  there  is,  however,  a 
close  interaction  between  the  aircraft  and  engine  designers,  and  the  mount  supplier.  This  ensures  that 
all  requirements  are  taken  into  account.  As  u result  new  designs  benefit  from  all  relevant  paBt  exper- 
ience. In  many  instances  Pratt  4 Whitney  Aircraft  of  Canada  has  provided  support  in  the  design,  the 
theoretical  analysis,  and  in  testing  of  installation  components  that  are  not  part  of  the  engine  itself. 

The  mount  stiffnesses  are  of  concern  primarily  with  regards  to  the  isolation  of  the  aircraft  from 
the  engine  and  propeller  generated  vibrations.  The  static  deflections  of  the  installation  on  soft 
mounts  must  be  considered  also  in  the  non-structural  connections  between  the  aircraft  and  the  installat- 
ion, such  as  engine  and  propeller  controls,  electrical  and  hydraulic  connections,  and  in  the  required 
clearances  between  the  installation  and  the  aircraft  and  nacelle  structures.  An  indication  of  typical 
vertical  deflections  at  the  c.g.  of  the  installation  and  the  propeller  under  lg  loads  is  given  in  Fig.  ‘i. 


Deflection  (Inch) 


Fig.  - Static  Deflections 
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Vibr.it ion  XuQlattlun 

The  design  of  the  installation  mounting,  i.e,  the  choice  and  location  of  the  mounts,  and  the 
design  of  the  mounts  and  support  structure,  is  of  increasing  importance  in  new  installations  to  ensure 
optimum  isolation  of  the  aircraft  from  engine  and  propeller  induced  vibrations.  With  the  trend  to 
relatively  more  powerful  engines  and  larger,  lower  speed  propellers  this  haB  also  become  a requirement 
that  is  more  difficult  to  satisfy. 

The  principal  excitations  for  which  vibration  isolation  must  be  provided  tire  due  to  unbalances  in 
the  engine  rotors  and  the  propeller.  The  rotors  of  the  PT6  engines  run  at  speeds  of  the  order  of 
5 0,000  to  40,000  Hl'M.  The  frequency  of  the  vibrations  caused  by  unbalances  on  these  rotors  is  too  high 
to  be  transmitted  by  flexible  mounts  without  appreciable  attenuation.  They  are  therefore,  of  little 
concern  to  the  aircraft  manufacturer.  'Die  frequency  of  propeller  induced  vibration  is,  however,  of  the 
same  order  as  th**  natural  frequencies  of  the  engine  installation  on  its  mounts.  Careful  attention  must 
be  paid,  therefore,  to  these  natural  frequencies. 

The  typical  engine  installation  with  a relatively  rigid  engine  casing  has  6 degreea-of- freedom, 
representing  motions  in  the  direction  of,  und  rotations  around,  the  three  main  axes.  In  general,  these 
motions  and  rotations  tire  coupled.  However,  usually  the  installation  has  a vertical  plane  of  symmetry 
through  the  propeller  axis.  This  implies  that  the  c.g.  of  the  installation,  as  well  as  two  of  the  three 
principal  inertia  axes,  lies  in  this  vertical  plane.  In  addition,  the  mounts  must  be  arranged  symmetri- 
cally with  respect  to  that  plane.  Under  thoBe  conditions  the  6 installation  modes  corresponding  to  the 
natural  frequencies  separate  into  two  groups  of  5 modes:  symmetric  modes  with  motions  in  the  vertical 
plane  through  the  propeller  axis  such  as  vertical  motion,  pitch  *uid  fore-and-aft  motions,  and  ax i symmet- 
ric modes  with  motions  not  limited  to  this  plane  ouch  as  lateral  motion,  yaw  and  roll  around  the 
propeller  axis.  In  the  special  case  where  there  is  an  additional  horizontal  plane  of  symmetry  through 
the  propeller  axis,  both  with  regard  to  the  inertia  and  the  mount  stiffnesses,  the  fore-and  aft  and  roll 
motions  will  occur  in  separate  modes  uncoupled  to  any  other  motion.  These  two  modes  cannot  be  excited 
by  propeller  unbalance  and,  furthermore,  they  usually  occur  at  relatively  high  frequencies. 

Consequently,  they  do  not  contribute  to  the  vibrations  due  to  propeller  unbalance  which  are  transmitted 
through  the  mounts. 

The  two  motions  in  the  vertical  plane,  i.e.  vertical  motion  and  pitch,  in  the  axi symmetric 
installation  will  in  general  occur  in  two  modes  coupled  in  a certain  ratio,  which  is  different  for  each 
mode.  This  coupling  1b  due  to  the  fact  that  in  general  the  c.g.  of  the  installation  is  not  located  in 
the  plane  of  the  mounts,  or  more  precisely,  due  to  the  fact  that  the  combined  stiffnesses  cannot  be 
resolved  into  two  linear  stiffnesses  acting  at  the  c.g.  Such  a mode,  consisting  of  vertical  and  pitch- 
ing motion  in  a certain  ratio,  cjin  be  regarded  as  representing  the  motion  of  the  installation  around  a 
fixed  point  on  the  propeller  <ixis.  The  location  of  this  nodal  point  on  the  axis  determines  the  relative 
iunounta  of  vertical  ;md  pitching  motion.  For  ex;unple,  if  the  nodal  point  coincides  with  the  c.g.  the 
mode  consists  of  pure  pitching  motion,  and  if  the  nodal  point  is  far  forwjwrd  or  aft  of  the  c.g,  it  is 
primarily  vertical  motion.  A similar  description  can  be  given  for  the  two  modes  with  motions  in  the 
horizontal  plane,  i.e.  lateral  motion  and  yaw.  It  follows,  therefore,  that  the  four  modes  of  interest 
in  the  axi symmetric  case  can  be  categorized  by  the  pliine  in  which  their  motion  occurs  and  by  the 
location  of  the  nodal  point  on  the  propeller  axis  around  which  the  installation  appears  to  rotate. 

Tlie  importance  of  each  mode  for  the  isolation  of  the  aircraft  from  vibration  due  to  propeller 
unbalance  depends  on  5 character! sties.  These  are  the  natural  frequency  of  the  mode  relative  to  the 
propeller  speed,  the  location  of  the  nodal  point  on  the  propeller  axis  with  respect  to  the  propeller  and 
mount  planes,  and  the  iunount  of  damping  provided  by  the  mounts.  For  low  tr^msmissibility  of  propeller 
unbalance  loads  through  the  mounts  it  is  preferable  to  have  modes  with  low  natural  frequencies  relative 
to  the  propeller  speed.  This  implies  soft  raountB  which  will  also  result  in  large  static  deflections. 

As  far  as  the  nodal  point  location  is  concerned,  if  it  is  at  the  propeller  the  mode  will  not  be  excited 
by  propeller  unbalance  at  all,  if  it  is  in  the  mount  pliine  the  mode  may  not  transmit  vertical  loads 
although  it  certainly  will  be  excited.  The  damping  inherent  in  the  isolator  material  will  generally 
affect  the  nodal  response  in  the  more  important  modes. 

In  practical  cases  the  installations  usually  lack  symmetry  when  considered  in  detail.  Most  often 
the  inertias  of  accessories,  such  as  a pump  or  a b tar ter/genera tor,  destroy  the  symmetry.  The  analyses 
result,  in  these  cases,  in  modes  which  show  some  coupling  between  symmetric  and  anti- symmetric  motions. 
However,  usually  one  of  these  motions  dominates  the  other  so  that  it  is  not  difficult  to  recognize  the 
nature  of  the  mode.  An  additional  factor  that  affects  the  natural  frequencies  and  the  modes  is  the 
stiffness  of  the  mount  support  structure  and  the  wing  or  fuselage.  It  has  been  found  that  these 
structural  stiffnesses,  although  large  compared  to  the  mount  stiffnesses,  may  have  a significant  effect. 
In  some  cases  the  structural  stiffnesses  introduce  an  asymmetry  in  Jin  otherwise  symmetric  installation. 

The  preceding  considerations  can  be  implemented  during  the  design  phase  by  moiins  of  straight 
forward  computer  jum lyses.  Trnde-off  studies  can  be  conducted  to  determine  the  optimum  mount  arninge- 
raont  for  a particular  installation.  For  moot  of  the  models  of  the  l'Tfc  aeries  a single  mount  plane  with 
4 mounts  gives  a satisfae tory  compromise  between  tronsmissibili ty  und  other  requirements  such  as 
propel ler-whirl  flutter  instability.  The  lowest  natural  frequencies  in  vertical  and  lateral  directions 
ore  shown  in  Figure  6 for  a few  typical  installations  together  with  the  speed  of  the  propeller.  The 
lateral  modes  are  not  very  import;int  for  wing  mounted  engines.  In  the  A-S 0 installation  a special 
effort  was  made  by  the  aircraft  manufacturer  to  reduce  the  vertical  trjinomissibili  ty  jut  much  as  possible. 
This  resulted  in  a configuration  of  mounts  In  more  than  one  plane. 
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The  response  of  the  installation  to  propeller  unbalance  is  shown  in  Figure  7 for  the  deflection 
at  the  o.g.  and  in  Figure  6 for  the  load  transmitted  through  the  mounts.  The  analysis  was  done  for  an 
unbalance  of  10  oz.in.  (720  gr.cm.)  which  is  a reasonable  unbalance  for  this  size  of  propeller.  A 
comparison  of  Figures  547  indicates  that  the  dynamic  deflections  due  to  this  propeller  unbalance  are 
significantly  smaller  than  the  static  deflections.  The  transmissibility,  which  is  the  ratio  of  the 
transmitted  load  to  the  unbalance  load  is  much  smaller  than  one,  indicating  satisfactory  vibration 
isolation. 


Frequency  (Hz) 


Prop  speed 


1st  lateral/yaw 


1st  vertical /pitch 


All  A27  A41  A45  ASO 

Engine  model 

Fig.  6 - Significant  Frequencies 

Occasionally  the  suggestion  is  made  that  focusing  of  the  mounts  may  be  beneficial.  This  is 
accomplished  by  rotating  the  bolt  axes  of  the  individual  mounts  so  that  they  are  all  directed  towards 
the  same  point,  the  focus,  on  the  propeller  axis.  Figure  9 shows  the  transmissibility  as  a function 
of  location  of  the  focus  on  the  propeller  axis.  It  is  clear  that  focusing  of  the  mounts  in  this  case 
is  not  beneficial  with  respect  to  transmissibility. 
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Fig.  7 - Dynamic  Deflections  at  C.G.  Due  to  10  oz.in.  (720  gr.cm.) 
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Fig.  8 - Load  Transmi88ibiHty  of  Propeller  Unbalance 


Propellei^-whirl  flutter  instability  can  occur  in  turbo-prop  installations  at  a certain  aircraft 
speed.  At  this  speed  the  installation  vibrates  in  ever  increasing  amplitudes  in  one  of  its  vibration 
modes  under  the  influence  of  aerodynamic  loads  acting  on  the  propeller.  Analyses  must  show  that  new 
installations  are  not  subject  to  this  instability  at  aircraft  speeds  upto  1.2  times  the  dive  speed. 

The  theoretical  formulation  on  which  these  analyses  are  based  is  well  established.  Important 
characteristics  of  the  installation  sire  the  modes  of  vibration  and  their  natural  frequencies,  the 
aerodynamic  and  gyroscopic  loads  generated  by  propeller  motions,  and  the  damping  inherent  in  the  system. 
In  new  designs  the  determination  of  the  optimum  mount  configuration  and  mount  support  structure  always 
requires,  apart  from  the  usual  strength  analyses,  the  calculation  of  unbalance  load  transmissibility  and 
the  propel lei^ whirl  flutter  speed. 

In  PT6  installations  the  trend  to  higher  power,  larger  propellers,  lower  propeller  speeds,  and 
softer  mounts  has  increased  the  sensitivity  to  propellei^whirl  flutter  instability.  In  most  cases  the 
standard  mount  arrangement  with  a single  mount  plane  is  adequate.  In  special  cases  it  has  been  found 
that  mounts  located  in  several  engine  planes  will  provide  both  improved  transmissibility  and  propeller- 
whirl  flutter  speed. 

An  additional  requirement  is  that  an  installation  with  a single  probable  failure  of  any  one 
mount  must  still  have  the  propeller- whirl  flutter  speed  in  excess  of  the  aircraft  dive  speed. 

Although  the  calculation  of  the  propeller-whirl  flutter  speed  is  a relatively  Bimple  problem  the 
accuracy  of  the  result  is  not  always  assured  because  of  the  sensitivity  of  the  flutter  speed  to  some  of 
the  design  variables,  in  particular  the  structural  stiffness  and  damping  coefficients.  The  structural 
stiffnesses  of  the  mounts  and  the  mount  support  structure  determine  together  with  the  structural 
inertias  the  vibration  modes  discussed  in  the  preceding  section.  Generally,  the  support  structure  is 
much  stiffer  than  the  mounts  and  has  only  a small  effect  on  the  vibration  modes.  Sometimes  the 
support  structure  is  not  completely  symmetric  and  as  a result  it  may  have  the  important  effect  of 
coupling  symmetric  and  anti-symmetric  modes  in  an  otherwise  symmetric  installation.  The  stiffnesses  of 
rubber  isolators  are  usually  known  only  approximately  and  then  only  for  static  cases.  The  dynamic 
stiffnesses  to  be  used  in  the  analyses  are  often  assumed  to  be  higher  than  the  static  ones. 

Because  of  this  uncertainty  in  stiffness  the  natural  frequencies  and  mode  shapes  of  the  actual 
installation,  as  found  for  example  in  ground  vibration  tests,  may  be  significantly  different  from  the 
calculated  results.  The  modes  that  play  a role  in  propellei^whirl  flutter  are  slightly  different  from 
the  vibration  modes  due  to  the  presence  of  aerodynamic  and  gyroscopic  loads.  These  loads  are,  however, 
not  dominant  over  the  structural  loads  and,  furthermore,  they  are  relatively  accurate.  For  this  reason 
a good  basis  for  propeller-whirl  flutter  calculations  is  a set  of  modes  and  natural  frequencies  measured 
in  a ground  vibration  test  on  the  installation.  The  stability  analysis  can  then  take  into  account  the 
additional  aerodynamic  and  structural  damping  terms  and  predict  the  flutter  speed  relatively  accurately. 
Of  course,  this  approach  is  only  possible  after  a certain  mount  design  has  been  implemented.  It  is 
therefore,  useful  only  for  certification  purposes  of  more  or  less  standard  installations. 

The  structural  damping  provided  by  the  mounts  and  the  support  structure  is  generally  unknown. 

In  rubber  mounts  it  decreases  with  increasing  frequency.  The  vnrious  vibration  modes  are  also  affected 
differently  by  the  mount  damping  depending  on  the  direction  of  deformation  of  the  mounts.  Since  the 
flutter  speed  is  usually  very  sensitive  to  the  modal  damping,  which  Includes  the  aerodynamic  damping, 
the  lower  limit  of  the  flutter  speed  for  zero  damping  is  often  used  for  certification  purposes.  However, 
in  Installations  where  the  propeller-whirl  flutter  speed  for  zero  damping  is  unacceptable  it  is  of 
course  necessary  to  calculate  this  speed  for  the  most  accurate  value  of  mount  damping  that  is  obtainable. 
In  some  modes  the  onset  speed  of  instability  for  small  values  of  damping  turns  out  to  be  very  sensitive 
to  the  amount  of  modal  damping.  These  modes  can  be  disregarded  because  they  will  be  suppressed  by 
realistic  amounts  of  dumping.  In  the  flutter  analysis  of  the  failed  mount  cases  the  main  difficulty  is 
the  definition  of  the  single  probable  failure  of  any  one  mount.  After  a mount  failure  some  stiffnesses 
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will  be  reduced  to  zero  but  not  the  stiffnesses  in  the  mount  directions  that  take  up  main  thrust  or 
torque  loads.  An  additional  complication  in  the  failed  mount  cases  may  be  the  loss  of  symmetry  after 
mount  failure  and  the  resulting  coupling  of  modes. 

Other  factors  that  may  have  to  be  considered  in  the  flutter  analyses  are  the  effect  of  reduced 
air  density  at  high  altitude,  and  the  effect  of  high  temperatures  near  the  engine  on  the  mount 
characteristics.  Also,  it  cannot  always  be  assumed  that  the  engine  behaves  as  a rigid  body.  In  an 
installation  with  a single  mount  plane  and  a heavy  propeller  the  effect  of  casing  flexibility  on  the 
natural  frequencies  may  have  to  be  considered. 


Transmluibilily 


(forward  of  prop  c.g.) 


Pig.  9 - Effect  of  Focusing  of  Mounts  on  Transmissibility  of  Propeller  Unbalance 

Figure  10  shows  propeller- whirl  flutter  speeds  as  calculated  for  a number  of  typical  PT6  install- 
ations. Considerable  variation  in  the  results  is  apparent  depending  on  mount  and  support  stiffnesses 
and  the  other  effects  discussed  earlier.  The  effect  of  mount  focusing  on  the  propeller— whirl  flutter 
speed  is  presented  in  Figure  11  for  the  same  installation  as  in  Figure  9.  Here  again  focusing  has  a 
strong  effect,  but  is  not  necessarily  beneficial. 

Speed  (mph)  (km/hr) 


Engine  model 


Pig.  10  - Propeller-Whirl  Flutter  Speeds 
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Installation  Induced  Engine  Vibration 

The  development  testing  of  new  engines  occurs  primarily  in  test  cells.  In  long  term  endurance 
runs  engine  components  are  subjected  to  various  operating  environments.  If  necessary  these  components 
are  modified  until  they  satisfy  the  life  requirements.  This  development  testing  takes  care  of  those 
engine  components  which  do  not  normally  benefit  from  extensive  theoretical  analyses  during  the  design 
phase,  such  as  many  non-rotating  parts  and  accessories.  Since  high-g  loading  cases  e.g.  landing  loads 
and  manoeuvre  loads,  are  not  simulated  in  test  cell  endurance  runs  additional  static  tests  may  be 
necessary  to  show  that  these  requirements  are  satisfied. 

Engine  vibrations  caused  by  internally  generated  excitations  such  as  rotor  unbalance,  gear  meshing, 
or  rotor  blade  unsteady  aerodynamics,  are  well  simulated  in  test  cell  running.  However,  engine 
vibrations  due  to  unsteady  aerodynamic  effects  related  to  the  propeller  bladeB  are  generally  not 
present  at  realistic  levels.  If  the  importance  of  these  propeller  related  aerodynamic  effects  in  a 
particular  engine  installation  is  not  appreciated  some  problems  may  occur  and  may  have  to  be  corrected 
early  in  the  life  of  an  installation.  Experience  has  shown  that  there  are  two  effects  that  must  be 
considered. 

The  first  is  due  to  the  inflow  distortion  through  the  propeller  that  occurs  in  actual  aircraft 
installations.  In  general,  the  propeller  axis  does  not  coincide  with  the  direction  of  flight.  Hence, 
there  is  a small  lateral  or  vertical  component  of  the  air  velocity  with  respect  to  the  propeller  which 
gives  rise  to  lateral  and  vertical  loads  and  yaw  and  pitch  moments  on  the  installation.  These  loads, 
which  are  non-rotating,  act  on  the  rotating  propeller  and  give  rise  to  vibratory  loads  on  the  propeller 
shaft  with  a frequency  of  once  per  revolution  (IP  loads).  Ax  far  as  the  non-rotating  components  of  the 
installation  are  concerned  the  loads  are  static  (non-oscillatory) . The  IP  loads  on  the  rotating  parts 
which  occur  in  normal  flight  conditions  due  to  inflow  distortion  caused  by  the  angular  location  of 
the  propeller  axis  and  the  presence  of  aerodynamic  obstructions  such  as  nacelle,  wing,  or  fuselage, 

Eire  routinely  taken  into  account  in  design  analyses.  The  Special  inflow  conditions  that  may  occur 
during  ground  manoeuvres,  taxiing,  etc.,  are  of  less  importance  in  this  respect  because  of  the  limited 
duration  of  these  conditions. 

The  second  effect,  of  more  importance  for  vibrations,  occurs  at  a frequency  of  n times  per 
revolution  where  n is  the  number  of  propeller  blades.  It  is  associated  with  the  wakes  shed  by  the 
individual  propeller  blades.  When  these  wakes  hit  an  obstacle,  the  nacelle  or  the  wing,  both  the 
p ropeller  and  the  obstacle  are  subject  to  a transient  loads  the  propeller  feels  the  presence  of  the 
obstacle  and  v.v.  Only  in  a truly  axisymmetric  installation  will  these  transient  loads  not  occur. 

In  general,  inflow  distortion  will  also  give  rise  to  nP  loads.  Severe  vibrations  have  been  encountered 
in  aircraft  ground  manoeuvres,  in  the  presence  of  side  winds,  and  in  multi-engine  installations  in 
conditions  of  unequal  flow  through  neighbouring  propellers,  for  example  for  braking  and  making  turns. 
These  vibrations  have  occasionally  been  high  enough  to  result  in  failures  of  accessories  mounted  on 
the  engine  casing,  of  exhaust  ducts,  and  of  hydraulic  and  electrical  lines  and  their  connections  at  the 
casing. 

Inflow  distortion  is  in  general  an  important  consideration  in  the  design  of  the  first  few  stages 
of  compressors.  However,  in  the  PT6  series  of  engines,  which  have  a circumferential  inlet  at  the 
rear  of  the  installation  inflow  distortion  is  not  a factor  in  the  structural  design  of  the  compressor. 
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(forward  of  prop  c.g.) 


Pig.  11  - Effect  of  Focusing  of  Mounts  on  Propeller-Whirl  Flutter  Speed 


Accessories 


Accessories  and  their  effect  on  the  general  engine  Installation  strength  have  been  discussed 
earlier.  It  is  useful  to  coneider  several  other  accessory  requirements  in  the  installation  and  the 
contribution  made  by  these  towards  overall  power  plant  integrity. 

Accessories  can  be  grouped  as  aircraft  supporting,  engine  supporting  and  engine  indicating. 
Each  group  has  a part  to  play  in  the  successful  integration  of  engine  to  airframe. 


If  we  look  at  the  three  groupings  in  detail  the  following  list  can  be  made: 


Aircraft  Supporting: 


Engine  Supporting: 


Engine  Indicating: 


hydraulic  pump 
alternator  drive 
air  conditioning  pump  drive 
air  conditioning  air  supply 
vacuum  pump  drive 

starter 
oil  cooler 
control  connections 
fuel  boost  pump 

oil  temperature  and  pressure 
fuel  temperature  and  flow 
compressor  speed 
propeller  speed 
engine  power  (torque) 


Aircraft  Supporting  Accessories 

Accessories  in  this  category  are  mounted  on  the  engine  which  supplies  a power  drive  to  the 
accessory. 

All  connections  at  the  engine  interface  are  stressed  to  withstand  loads  for  typical  accessories 
under  the  critical  manoeuvre  conditions  of  MIL-b-5007.  Wii®  i8  a general  approach  necessary  where  an 
engine  type  may  be  installed  in  several  different  airframes  all  designed  to  different  manoeuvre  loading 
criteria. 

It  is  also  necessary  to  consider  the  maximum  power  available  at  each  pad  to  drive  aircraft  equip- 
ment and  the  effect  that  power-off-takes  have  on  engine  performance.  During  the  engine  development 
program,  all  limitations  are  investigated  on  structures  rig  tests  and  the  engine  is  operated  at  maximum 
off-take  loads  to  substantiate  the  effect  on  performance  of  power-off-take  separately  and  combined. 

Engine  Supporting  Accessories 

Engine  supporting  accessories  are  essential  to  the  engine  for  operation  within  the  stipulated 
installation  limitations.  The  Installation  Hanual  defines  minimum  starter  torque  characteristics  for 
successful  starts.  Control  cable  connection  requirements  with  actuation  loads  are  also  defined. 

One  of  the  most  important  engine  supporting  accessories  is  the  engine  oil  cooler.  This  item  is 
not  attached  to  the  engine  in  PT6  installations.  Housed  within  the  power  plant  envelope,  it  uses  air 
as  the  media  to  reject  heat.  It  is  in  the  interest  of  aircraft  performance  that  air  flow  to  the  heat 
exchanger  is  kept  to  a minimum.  It  is  equally  important  to  engine  durability  that  the  oil  is  cooled 
sufficiently  to  ensure  normal  engine  operation  well  within  the  oil  temperature  limits.  Hie  two  critical 
design  cases  for  the  size  of  the  oil  cooler  are  aircraft  static  and  hot  day  single  engine  climb 
conditions. 


Heat  refection 
to  oil 


Pig.  12  - Growth  Engines  Need  Bigger  Oil  Coolers 
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On  the  PT6,  heat  rejected  to  the  oil  has  been  seen  to  maintain  a reasonably  consistant  rate  of 
increase  with  engine  growth  in  terms  of  mechanical  power  (Fig.  12).  Variations  about  the  mean  line  are 
attributed  to  gearbox  rotational  speeds  and  to  a lesser  extent  to  thermal  rating  of  the  engine.  Tile 
thermal  rating  affects  this  trend  in  only  a minor  way  due  to  the  oil  wetted  surface  being  small  in  the 
hottest  part  of  the  engine,  the  § 2 bearing,  and  the  inclusion  of  a thermal  blanket  which  separates  the 
#3  and  #4  bearing  housing  and  the  reduction  gearbox  from  the  exhaust  gas  temperature. 

In  the  cross-section  of  the  PT6  (Fig.  l)  the  main  roller  and  ball  bearing  cavities  can  be 
identified.  These  as  well  as  the  reduction  gearbox  with  plain  bearings  throughout  the  transmission 
system  are  the  main  targets  for  the  lubrication  system.  The  #2  bearing  conditions  must  be  such  that 
coking  will  not  be  induced  due  to  hot  oil.  In  the  reduction  gearbox  good  load  carrying  and  low  foaming 
properties  must  be  maintained.  The  #1  bearing,  while  not  in  an  extremely  hot  zone,  must  transmit 
compressor  thrust.  Its  life  is  quite  critical  and  can  be  related  to  oil  temperature  (Fig.  15).  The  oil 
temperature  considered  here  is  the  average  oil  temperature  in  the  bearing  cavity.  Of  the  total  oil  flow 
in  the  engine,  it  is  estimated  that  90$  is  acting  as  a coolant. 


Percent 

life 


Operating  temperature 


Fig.  13  - Bearing  Life  Reduces  with  Increase  of  Oil  Temperature 


Relative  to  total  oil  system  volume  the  engine  oil  flow  rate  is  high.  This  means  that  oil  tank 
settling  time  is  very  low  thus  endorsing  the  need  for  oil  with  good  resistance  to  foaming.  As  with 
viscosity,  coking,  gumming  and  good  film  strength,  foaming  resistance  is  enhanced  by  ensuring  normal 
operation  at  low  oil  temperatures.  For  further  reference  see  SAE  paper  680211.  The  PT6  Gas  Turbine, 
Lubricants  and  Fuels,  by  A. VI.  Stewart  and  J.P.  Harding. 

Engine  Indicating  Accessories 


Engine  indicators,  while  not  usually  having  sufficient  mass  to  load  engine  connections  do  have 
an  extremely  important  roll  t->  play  in  maintaining  the  efficiency  ana  integrity  of  the  engine.  Trans- 
mitters connected  directly  to  engine  casings  or  via  various  forms  of  isolators  are  subject  to  engine 
vibrations  and  must  transmit  reliable  information  to  the  pilot.  It  is  on  this  information  that  the 
pilot  bases  his  use  of  power  under  prevailing  atmospheric  conditions.  If  the  indications  are  not 
reliable  then  overall  engine  integrity  can  be  greatly  reduced. 


During  engine  certification  instrumentation  accuracies  must  be  considered  when  computing  maximum 
demonstration  conditions  for  normal  and  emergency  operation.  To  comply  with  these  quite  tight  limits 
the  instruments  are  often  calibrated  for  zero  error  at  the  limiting  condition.  This  is  a perfectly 
acceptable  practice  but  must  not  be  considered  as  the  only  criteria.  Inaccurate  power  setting  instru- 
ments in  the  normal  operating  range  may  reduce  engine  life. 

Oil  and  fuel  pressure  transmitters  are  subjected  to  pressure  fluctuations  generated  by  the  engine 
fluid  pumps.  It  is  essential  that  the  nature  of  these  fluctuations  are  known  and  that  the  transmitters 
are  designed  to  accommodate  the  worst  case. 

Compartment  Ventilation 

Engine  compartment  temperatures  are  defined  by  the  engine  manufacturer*  These  temperatures  are 
used  during  the  engine  casing  stressing  and  during  accessory  design  considerations. 

There  are  today  various  installation  configurations  which  have  required,  on  occasion,  a special 
approach  to  ventilation  but  the  most  common  is  again  the  single  plane  mount  found  on  turbo- propeller 
applications.  Here  the  compartment  seals  are  designed  for  maximum  engine  excursion  under  manoeuvre 
conditions.  It  has  not  been  found  necessary  to  seal  the  forward  section  of  the  engine,  where  relative 
movement  between  engine  and  cowl  is  at  its  highest  because  the  gaps  around  propeller  spinner  and  exhaust 
ducting  have  invariably  proven  to  provide  adequate  ventilation  flow  when  supplemented  by  an  exit  grill. 
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The  required  ventilation  flow  for  a given  installation  can  be  estimated  and  suitable  supplementary 
porting  can  be  provided  if  thought  necessary. 

A typical  curve  generated  to  allow  for  a reasonable  estimate  of  the  required  ventilation  flow  rate 
(Fig.  14)  must  consider  the  compartment  volume,  cowling  material  and  surface  finish,  maximum  nacelle 
skin  temperature  and  the  design  temperature  differences  throughout  the  system. 
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Fig.  14  - Required  Cooling  Air  Mass  Flow 


Where  fire  extinguishant  is  necessary  this  data  can  be  used  to  determine  the  quantity  necessary 
to  comply  with  certification  needs.  When  electrical  equipment  is  installed  requiring  ventilation  air 
this  equipment  must  discharge  its  air  such  that  a fire  in  the  equi pment  will  not  spread  through  the 
installation.  This  almost  always  necessitates  the  incorporation  of  special  fireproof  exhaust  ducting 
and  in  many  cases  inlet  ducting. 

Compartment  temperatures  after  engine  shutdown  must  also  be  determined  as  control  cables  and 
accessories  subjected  to  extreme  compartment  conditions  during  engine  soak-back  may  be  life  affected. 
Results  of  typical  soak-back  characteristics  are  shown  in  Figure  15.  Here  it  can  be  seen  that  the  engine 
vibration  isolators  are  subjected  to  air  temperature  above  that  seen  under  normal  operating  conditions. 
Items  in  the  exhaust  duct  area  are  also  subjected  to  more  severe  conditions  in  this  non-operating  mode. 


Fig.  15  - Soak-Back  Temperatures  of  Interest 
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Paaae  inte^ty 

The  preceding  considerations  individually  contribute  to  installation  integration  and  aB  a whole 
determine  the  integrity  of  the  power  plant.  Previously  mentioned  was  the  fact  that  the  propeller/power 
plant/airframe  combination  is  very  often  chosen  after  the  propeller  and  power  plant  components  have 
been  individually  designed  and  developed.  It  is  essential  that  initial  design  requirements  for  the 
engine  cover  all  installation  effects  sufficiently  without  adversely  implying  excessively  heavy  and 
expensive  engine  structures. 

The  internal  engine  structure  is  as  critically  dependent  on  installations  induced  loads  as  are 
the  more  obvious  external  mounting  and  accessory  support  casings.  Bearing  air  seals  and  turbine  tip 
seal  clearances  are  determined  with  adequate  consideration  of  the  maximum  induced  deflections  due  to 
installation  loads.  The  power  turbine  support  housing  limits  turbine  deflection  at  maximum  propeller 
and  gearbox  induced  loads  to  ensure  minimum  turbine  blade  tip  clearances.  This  is  essential  for 
turbine  performance. 

The  exhaust  duct  transmits  all  propeller  torque  loads  to  the  mount  plane  located  on  the  gas 
generator  case.  In  the  majority  of  PT6  installations  there  are  two  exhaust  ports.  In  cases  where  a 
single  exhaust  port  is  required,  as  in  helicopter  installations  and  the  DEC- 7,  extensive  strengthening 
of  the  exhaust  duct  is  necessary.  This  is  due  to  the  need  for  an  adequate  geometric  area  for  the  exhaust 
gases  to  ensure  design  turbine  exhaust  pressures. 

Rearward  on  the  PT6,  behind  the  mount  plane,  the  annular  inlet  is  essentially  designed  for 
optimum  inlet  conditions  to  the  first  compressor  stage.  However,  the  inlet  struts  also  support  the  oil 
tank  and  all  accessories  and  drives  and  must  be  stressed  for  integrity  under  maximum  landing  load 
conditions. 

The  inlet  to  gas  generator  flange  is  another  critical  area  which  receives  close  attention  when 
PT6  engines  are  applied  to  installations  subject  to  manoeuvre  loads  which  are  different  from  those  of 
the  original  design. 

The  high  regard  held  for  the  integrity  of  PT6  installations  is  in  no  small  measure  attributable 
to  the  care  taken  on  these  installation  effects  during  initial  design. 


DISCUSSION 

J.G. Mitchell,  US 

Why  wasn’t  flutter  induced  in  wind  tunnel  tests  of  the  propeller/engine?  Was  Reynolds  number  simulated? 

Author's  Reply 

All  flutter  results  presented  are  theoretical  results.  Propeller-whirl  flutter  tests  have  not  been  found  necessary.  Pre- 
sumably they  could  be  done  in  special  wind  tunnels  but  not  in  test  cells  where  most  engine  tests  are  done. 
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DETERMINATION  DES  EFFORTS  DYNAMIQUES  DUS  A UN  BALOURD  AUX  ATTACHES  D'UN  MOTEUR  MONTE  EN  PODE 

B. SCHNEIDER 

AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION 
78,  quai  Carnot 
Saint-Cloud 
92214 
France 


RESUME 


La  perte  d'une  aube  du  rotor  produit  des  efforts  de  balourd  qui  se  transmet tent  aux  attaches  du 
moteur  sur  le  pode. 


Les  reactions  de  ces  attaches  sont  calculees,  en  fonction  de  la  vitesse  angulaire  du  rotor,  au 
moyen  de  la  matrice  de  flexibility  du  pode,  des  caracterist iques  inertielles  du  moteur  rigide  ainsi  que 
de  la  masse  general isee,  de  la  frequence  de  1 'amort issement  et  de  la  deformee  des  modes  souples  du  moteur 
dont  on  a pu  disposer. 


Ceci  pose  des  problemes  vu  la  complexity  de  l'essai  de  vibrations  d'un  moteur  ; on  n'a  pas  pu  utili- 
ser  des  modes  souples  du  moteur,  dont  la  frequence  reste  assez  basse  pour  intervenir  dans  le  couplage, 
parce  que  leur  mesure  n'a  pas  pu  etre  faite  completement . 


II  apparait  en  outre  que  1 ' amort issement  des  modes  est  un  parametre  fondamental,  corame  dans  tout 
phenomene  d'excitat ion,  et  qu'un  soin  tout  particulier  doit  etre  apporte  a sa  determination  lors  de  l'essai 
au  sol.  De  meme,  le  calcul  des  forces  generalisees  necessite  la  connaissance  de  la  deforir.ee  du  rotor  de 
chaque  mode  souple  utilise  ce  qui  impose  la  mise  en  place  de  capteurs  specialises  lors  de  l'essai  de  vibra- 
tions. 


NOTATIONS 
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deplacement  des  attaches  moteur  suivant  les  axes 
indice  des  coordonnees  general isees 
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exposant  de  la  loi  de  Wohler  approchee 

indice  caracterisant  un  effort  en  une  certaine  attache  du  moteur  sur  le  mat  et  suivant  une 

certaine  direction. 

masse  du  balourd 

coordonnees  generalisees 

distance  du  balourd  a l'axe  de  rotation 

indice  relatif  aux  modes  souples 

temps 

coordonnees  du  centre  de  gravite  du  balourd  dans  un  systeme  d'axes  lie  au  centre  de  gravite  du 
moteur . 

indice  caracterisant  une  grandeur  rapportee  aux  attaches  du  moteur  sur  le  mat. 
indice  caracterisant  le  balourd 
matrice  de  flexibility 

effort  aux  attaches  moteur  F = F'  + j F" 

matrice  de  raideur 

matrice  des  masses  generalisees 

affixe  complexe  des  coordonnees  generalisees 

matrice  de  transformation  - Indice  superieur  de  transposition 

travail  - energie 

partie  reelle 

energie  cinetique 

amort issement  structural 

deplacement  suivant  les  bielles,  aux  attaches  avant  laterales,  suivan*  les  axes  aux  autres 
attaches . 

deplacement  suivant  les  directions  u ou  * du  centre  de  gravite  du  balourd  dans  le  ieme  degre 
de  liberte  normalise.  ^ 

pulsation  ou  vitesse  angulaire  de  rotation  du  moteur  en  r ad/s 

vecteur  complexe  des  deplacements  du  balourd 

matrice  ligne 

matrice  colonne 

matrice  diagonale 

indice  superieur  : transposition. 


1. 


INTRODUCTION 


Les  conditions  de  certification  d'un  avion  de  transport  civil  imposent  (FAR  25)  de  demontrer  : 


- que  la  perte  totale  d'un  moteur  ne  met  pas  en  cause  la  securite, 

- que  la  perte  d'une  aube  d'un  des  etages  du  rotor  n’entraine  pas  des  efforts  de  fatigue  susceptibles 


d'amener  la  rupture  d'une  attache  du  moteur  sur  le  mat  pendant  la  duree  d'un  vol . 
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La  premiere  condition  se  demontre  sans  ambiguite  par  des  calculs  de  flutter  et/ou  des  essais  en 
soufflerie  sur  raaquette  dynamique. 

La  deuxieme  condition  fait  l'objet  de  notre  presente  etude.  Nous  desirons  montrer  que  les  calculs 
necessaires  roettent  en  jeu  le  comport erne nt  dynamique  complexe  des  systemes  couples  mat/moteur.  Cette 
complexity  ne  peut  etre  dominee  que  par  une  connaissance  dynamique  aussi  precise  que  possible  tant  de  la 
structure  cellule  que  de  la  structure  du  moteur, rendue  necessaire  par  1 'evolution  des  avions  de  transports 
civils,  dont  les  moteurs  supportes  par  des  mats  tres  souples  sont  rendus  eux-memes  plus  souples  par  la 
recherche  d'allegements. 

Le  calcul  s'effectue  dans  une  base  modale  qui  comporte  les  degres  de  liberte  du  moteur  libre  rigide 
et  ses  modes  souples.  Le  mat  est  introduit  par  sa  matrice  de  raideur  calculee  par  elements  finis  et 
condensee  aux  degres  de  liberte  du  moteur.  La  masse  du  mat  est  negligee. 

L'energie  cinetique  est  calculee  a partir  des  donnees  inertielles  du  moteur  et  des  mesures  de  ses 
modes  souples  dans  un  essai  de  vibrations  du  moteur  libre  suspendu. 

L'energie  potentielle  se  compose  du  terme  calcule  pour  le  mat  a partir  de  la  matrice  de  raideur  et 
des  valeurs  mesurees  pour le  moteur  libre. 

Les  fonctions  de  transfert  s'obtiennent  a partir  du  calcul  de  reponse  du  systeme  des  equations  de 
Lagrange  aux  forces  generalisees  d'excitation  du  balourd. 

Nous  examinons  les  differents  aspect,  de  ce  calcul,  les  parties  qui  en  sont  discutables,  et  sugge- 
rons  1 'amelioration  des  mesures  et  des  don.iees,  qui  pourrait  rendre  le  resultat  plus  fiable  particulie- 
rement  aux  frequences  elevees. 

2.  DESCRIPTION 

La  presente  etude  concerne  1 'avion  de  transport  civil  Mercure  100  (fig.l)  sur  lequel  les  moteurs 
Pratt  et  Whitney  JD8D15  sont  places  en  pode  sous  la  voilure. 

La  figure  2 montre  la  structure  du  mat  qui  est  fixee  de  faqon  continue  sous  l'intrados  des  nervures 
de  voilure.  C'est  pourquoi  il  sera  suppose  encastre  dans  les  calculs  suivants. 

Le  moteur  est  fixe  isostat iquement  sur  le  mat,  la  figure  3 represente  ces  liaisons.  On  remarque, 
d'avant  en  AR  : 

- deux  bielles  articulees  qui  transmettent  des  efforts  suivant  leur  direction 

- un  point  central  avant  qui  reqoit  des  efforts  horizontaux,  longi tudinaux  (X)  et  lateraux  (Y) 

- un  point  central  arriere  qui  transmet  des  efforts  verticaux  (Z)  et  lateraux  (Y) . 

3.  METHODE  GENERALE 

Le  deplacement  d'un  point  du  moteur  est  defini  par  la  combinaison  lineaire  des  6 modes  rigides  et 
d'un  certain  nombre  de  modes  souples  du  moteur  libre.  Les  coefficients  de  participation  de  ces  modes 
constituent  les  coordonnees  generalisees  q du  probleme  dont  la  formulation  sera  faite  au  moyen  des 
equations  de  Lagrange. 

3.1  Energie  cinetique 

Les  modes  souples  du  moteur  libre  etant  des  modes  propres,  mesures  lors  d'un  essai  au  sol,  sont 
orthogonaux  entre  eux  et  avec  les  modes  rigides. 

L'energie  cinetique  s'ecrit  done  : I — r ■) 

Eq.  (1)  %=.  *1) 

M etant  une  matrice  diagonale  dont  les  termes  seront  trois  fois  la  masse  du  moteur  (comprenant  les 
accessoires  et  elements  suspendus  sous  le  mat)  les  inerties  de  roulis,  tangage  et  lacet,  c *est-a-dire 
les  masses  generalisees  des  modes  rigides  et  celles  des  modes  souples.  Ceci  suppose  que  la  masse  du 
mat  est  repartie  entre  le  moteur  et  ses  attaches  (sur  la  voilure,  ou  sur  un  bati  d'essai).  Le  mat  se 
comporte  alors  comme  un  ressort  pur  sans  energie  cinetique.  La  comparaison  des  modes  propres  calcules 
sur  l'avion  avec  les  modes  mesures  lors  de  1 'essai  au  sol  de  vibration  a montre  que  cette  repartition 
etait  justifiee,  au  moins  aux  basses  frequences . En  effet  les  modes  voilure  se  comportent  alors  comme 
des  modes  d 'ensemble  en  ce  qui  concerne  la  liaison  mat-moteur. 

3.2  Energie  elastique 

Elle  est  la  somme  de  2 termes  : 

- l'energie  de  deformation  du  moteur  dans  ses  modes  souple 

Eq.  (2)  L1.J  {Ssl 

qs  etant  les  coordonnees  generalisees  relatives  aux  seuls  modes  souples,  Ms  les  masses  generalisees 
mesurees  des  modes  souples,  tOj  les  pulsations  mesurees  de  ces  modes  souples. 

- et  l'energie  de  deformation  du  mat  dans  la  base  totale  des  modes  retenus  rigides  et  souples. 

Nous  disposons  d'une  matrice  de  raideur  du  mat,  calculee  par  elements  finis  en  1141  degres  de 
liberte  et  condensee  au  niveau  des  deplacements  suivant  les  directions  X,  Y,  Z des  attaches  mat-moteur. 


l.a  figure  4 donne  les  valeurs  numeriques  de  la  matrice  de  raideur  du  mat  rapportee  aux  attaches 
moteur  ainsi  que  les  caract£rist iques  inertielles  du  moteur  rigide. 

En  fait,  les  deux  bielles  articulees  qui  retiennent  le  moteur  a l'avant  suppriment  deux  degres 
de  liberte. 


11  nous  faut  done  condenser  la  matrice  de  raideur  Soit  "T*  une  matrice  carree  de  transforma- 
tion geometrique  qui  projette  sur  les  directions  Y et  Z les  deplacements  suivant  les  perpendiculaires 
aux  bielles  et  suivant  les  bielles  ; cette  matrice  laisse  done  les  deplacements  des  points  milieu 
avant  et  arriere  inchanges.  Cette  matrice  ne  contient  que  les  sin  et  cos  de  1 'angle  des  bielles  avec 
la  direction  OY,  des  1 et  des  zeros.  C'est  une  matrice  orthogonale. 


Nous  distinguons  dans  T la  sous  matrice  T ^ qui  projette  les  deplacements  perpendiculaires  aux 
bielles 

'"•»>  T-[TiiTi] 

La  matrice  de  flexibility 

Eq.  (4)  C i 

est  transformee  en  une  matrice 

Eq;  (4)  TTC,T 

qui  relie  les  deplacements  et  les  efforts,  suivant  les  perpendiculaires  aux  bielles  et  suivant  les' 
bielles  pour  les  attaches  avant,  et  suivant  les  directions  X Y Z pour  les  autres  attaches. 


Les  efforts  reels  s'exerqant  seulement  suivant  la  direction  des  bielles  par  suite  des  articula- 
tions on  peut  supprimer  les  deux  premieres  lignes  et  colonnes  de  cette  matrice  de  flexibility.  Un 
calcul  simple  de  sous  matrices  montre  qu'il  reste  la  matrice  de  rigidite  correspondant«? 

s'ecrit  : 

*.■<»  OJCO' 

II  faut  noter  queT?  n’est  pas  une  matrice  carree.  * 


Si  I'on  revient  aux  deplacements  h et  aux  efforts  s'exer<jant  suivant  les  directions  X Y Z aussi 
bien  aux  attaches  des  bielles  qu'aux  autres^la  nouvelle  matrice  de  rigidite  s'ecrit  : 

«•<» 

En  effet,  la  matrice  qui  figure  a gauche  exprime  simplement  la  projection  sur  les  axes 
X Y Z des  efforts  s'exer<jant  suivant  les  bielles.  La  matrice  1*2  qui  figure  & droite  exprime  la  pro- 
jection sur  les  axes  des  deplacements  5^  dans  la  direction  des  bielles  (et  suivant  les  axes  pour  les 
autres  attaches,  on  a alors  une  sous  matrice  unite). 

Eq.  (7)  <5^  * * t ^ *T*^  Tt  K « K 

car  on  remarque  que  “pj  T 2 est  une  matrice  unite  bien  que  T 2 soit  rectangle. 


Mais  les  degres  de  liberte  q choisis  pour  mettre  notre  probleme  en  equation  sont  les  six  depla- 
cements q du  moteur  rigide  dans  un 'systeme  d'axe  X Y Z ayant  son  origine  au  centre  de  gravity  du 
moteur  auxquels  s'ajoutent  les  modes  souples. 

Eq.  (8)  ^ - Tj  ^ 

La  matrice  T"^  comprend  une  premiere  sous  matrice  exprimant  les  deplacements  des  attaches  du 
reacteur  suivant  les  axes  dans  un  deplacement  de  corps  rigide  et  une  deuxieme  sous  matrice  donnant  les 
deplacements  de  ces  attaches  suivant  les  axes  dans  les  deformees  des  modes  souples. 


ment  : 
Eq.  (9) 


L'energie  de  deformation  du  mat  dans  la  base  des  coordonnees  generalisees  q s'ecrit  done  finale- 

- i T __ 


C\t  tJt,, 


3.3  Forces  gyroscopiques 


Elies  n'ont  pas  ete  introduites.  Dans  une  etude  pr£cedente  nous  avions  calcule  les  modes  propres 
en  presence  des  forces  gyroscopiques  et  nous  avions  pu  constater  que  leur  influence  etait  negligeable. 
Par  ailleurs  les  deplacements  du  moteur  dans  les  modes  de  tangage  et  lacet,  sous  1' influence  des  forces 
de  balourd  restent  faibles. 


II  en  sera  done  de  meme  des  forces  gyroscopiques. 

3.4  Forces  de  dissipation 

Dans  le  cas  des  modes  souples  nous  avons  introduit  1 * amortissement  de  structure  mesure  aux 
essais  de  vibrations  au  sol.  Pour  les  modes  rigides  nous  avons  utilise  un  amortissement  forfaitaire 
de  10  */..  ce  qui  correspond  h une  moyenne  des  valeurs  mesurees  lors  de  l'essai  au  sol  sur  avion  pour 
les  modes  de  pendule,  tangage,  lacet.  Les  forces  de  dissipation  sont  supposees  deeouplees. 

3.5  Excitation 

Le  balourd  est  introduit  comme  une  force  ext£rieure.  Ceci  suppose  l'hypothose  just  if ice  suivante 
la  perte  d'une  ailette  est  negligeable  au  niveau  de  la  masse  et  des  modes  propres  du  moteur  suspendu. 
Elle  ne  devient  importante  qu’au  niveau  des  forces  de  balourd  lorsque  le  moment  statique  de  la  masse 
manquante  par  rapport  & l'axe  de  rotation  est  multipliS  par  le  carre  de  la  vitesse  angulaire. 


l.a  force  tournante  est  remplac£e  par  deux  forces  harmoniques  en  quadrature,  l'une  horizontale, 
l'autre  verticale. 

Eq.  (10)  VwtoV  CtfSUjt  = »*itO  r -4u.u>fc 

in  etant  la  masse  de  I'ailette  manquante 

r la  distance  de  son  centre  de  gravite  a l'axe  de  rotation 
co  la  vitesse  angulaire  du  rotor  en  rad/s 
t le  temps 

<Jh  et etant  les  deplacements  du  centre  de  gravite  de  I'ailette  manquante  dont  les  coordonnees  sont 
^ y*  n dans  un  systeme  d'axes  lies  au  centre  de  gravite  du  moteur. 

*.m)  R ' 1 ^ ° 

L o o 4 Sz  o ^5;  -Jl'J 

et  . designant  les  deplacements  de  ce  centre  de  gravite  dans  le  ieme  degre  de  liberte. 

Le  travail  des  forces  exterieures,  forces  de  balourd  est  : p 

Eq.(12)  VJ  - muV  | Cjscof  -Ouu  co  t | I 3- 1 

3 

3.6  Equations  de  Lagrange 


En  posant  : 

Eq.  (13) 

les  equations  de  Lagrange  s'ecrivent  : 


r- 


Eq.  (14) 


C< 

crivent  : 

V\(^+  ttihco^+lC^  = Vu.u?  r 


to  cot- 


^«!j 


-f 


Nous  nous  interessons  uniquement  & la  solution  asymptotique  qui  est  la  plus  defavorable.  Nous 
pouvons  done  poser  ; ■ 

Eq.  (15)  q.<A(<0  ^ * 

et  \/l  signifiant  part ie  reelle 

Nous  posons  egalement  : 

Eq.  (16) 


$ • 


(°  \ 

■i  ' 

0 

0 1 

0 

v - V 

0 , 

0 

0 

-1le. 

xa 

0 

<£y 

<Sj 

<d\ 

Eq,  (17)  coQ  + 'CQ=  vwcoV 

soit  apres  simplification  par 

- i 


Eq.  (18)  q m me o 

\ 

3.7  Efforts  de  balourd  aux  attaches  mat 


?c  r * co2-*^  T,r1  co1  + U"  J~  <^> 

iSt-reacteur 


Au  moyen  de  la  matrice  T3  du  § 2.2  nous  passons  des  coordonnees  general isees  q,  ou  Q,  aux  depla- 
cements des  attaches  mat-reac teur . 

Eq.  09)  K=  Q 

auxquels  correspondent  les  efforts  F suivant  les  axes  X Y Z aux  attaches  mat-r6acteur . 

Eq.  rn  [v\  = Tx(r? 

h et  F sont  complexes  comme  Q ; ce  qui  represente  la  rotation  du  vecteur  force  balourd  et  lr  dephasage 
introduit  par  les  forces  d'amortissement . 

Comme  nous  nous  interessons  seulement  aux  valeurs  maximales  des  efforts  nous  calculons  le  vecteur 
des  modules  soit  : 

Eq.  (21) 

l' indice  t*  representant 


H- 

ici  lseffort  suivant  une  directioi 


on  en  un  point  de  fixation  mat-moteur. 


La  frequence  angulaire  de  rotation  Co  du  moteur  balaye  I'intervalle  compris  entre  0 et  le  regime 
de  d^collage. 


APPLICATION 
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4.1  Degres  de  libertd 

En  plus  des  b mode s rigides  nous  voulions  introduire  dt*s  modes  souples  du  moteur.  C'est 
pourquoi  nous  avons  effect uc  l'essai  de  vibrations  au  sol  d'un  moteur  suspendu  e 1 ast i quement  a t res 
b a s s e f r eq ue  nc e . 

U taut  dire  que  le  moteur  etait  no  et  ne  comport ait  pas  le  grand  nombre  d'accessoires  qui 
certainement  auraient  apporte  un  amort issement  supplemental  re . De  plus  nous  n'avions  acces  qu'A 
I'exterieur  du  moteur  c'est-J-dire  que  si  les  deplacements  des  attaches  du  moteur  (figurant  dansT  j) 
sont  a i semen t mesurables,  par  contre  nous  ne  connaissons  pas  les  deplacements  c$»j.  et  des 

aubes  de  rotor  susceptibles  de  donner  du  balourd.  A leur  place  nous  utilisons  les  deplacements  du 
carter  moteur  situe  au  droit  de  i'etage  de  rotor  choisi.  A frequence  relativement  e levee  il  est 
certain  que  les  modes  de  "respiration"  du  carter  peuvent  differer  des  flexions  de  l'arbre  du  rotor. 

Les  modes  souples  identifies  se  situent  aux  frequences  suivantes  : 


35,7  Hr 

Tors  ion 

carenage  arriere 

45,46  Hz 

Flexion 

ve  r t i c a 1 e 

2 noeuds 

50,71  Hz 

Flexion 

horizon tale  2 noeuds 

55,8  Hz 

F l e x i on 

vert icale 

3 noeuds 

67.52  Hz 

Flexion 

hor i zonta l 

e 3 noeuds 

70,9  Hz 
73,35  Hz 

Modes  a 

allure  de 

3 noeuds 

75,25  Hz 
75,66  Hz 

Modes  A 

a 1 lure  de 

torsion 

77  Hz 

Mode  A j 

illure  de 

torsion 

83,4  Hz 

Mode  complexe 

102,8  Hz 

Mode  complexe 

Maiheureusement  sur  ces  12  modes  identifies  seuls  2,  la  flexion  verticale  2 noeuds  et  le  mode 
complexe  A 102,8  Hz  purent  etre  suf f i summon t caracterises  pour  etre  utilisables  dans  le  calcul . C'est 
A dire  que  l 'on  put  mesurer  la  masse  generalise!*,  l ' amort issement  de  structure  et  la  deformee  celle-ci 
restant  cependant  limitee  aux  formes  exterieures. 

La  figure  S presente  les  deformee s de  ces  deux  modes  souples. 

La  figure  b montre  : 

- a gauche  les  b frequences  propres  du  systeme  avec  moteur  rigide  et  rappelle  les  2 frequences  propres 
des  modes  souples  du  moteur  introduits  dans  le  calcul, 

- A droite  les  huit  frequences  propres  de  1 'ensemble  moteur-mat  les  degres  de  liberte  etant  les  b 
deplacements  rigides  et  les  2 modes  souples  mosuros  du  moteur. 

On  constate  que  la  perturbation  due  aux  2 modes  souples  conduit  pr inc ipalement  : 

- A une  baisse  de  la  frequence  du  dernier  mode  rigide, 

- A une  augmentation  importante  de  la  frequence  du  deuxieme  mode  souple  ; ceci  vient  du  fait  que 

l 'attache  arriere  restreint  la  deformee  du  mode  souple  en  I'un  de  ses  points  de  plus  grand  deplace- 
ment. 11  est  probable  que  si  les  modes  souples  qui  n'ont  pu  etre  suf f isamment  caracterises  avaient 
ete  disponibles  pour  le  calcul,  le  resultat  aurait  ete  different. 

II  est  de  plus  vraisemblable  que  1 'absence  d' introduction  de  masses  sur  le  mat  et  sa  schemati- 
sation  comme  un  ressort  pur  n'est  plus  realiste  A ces  frequences.  Un  calcul  approchb  a montre  qu'un 
mode  propre  du  mat  se  situait  vers  75  Hr.. 

Malgre  ces  remarques  nous  avons  laisse  subsister,  A titre  indicat  if,  le  deuxieme  mode  souple 
mesure  dans  le  calcul  et  poursuivi  l 'etude  de  la  reponse  du  systeme  dynamique  A l 'excitation  du 
balourd . 

4.2  Efforts  aux  attaches  du  moteur 

Nous  avons  dans  un  premier  temps  calcule  1 'evolution  de  l 'effort  aux  attaches  pour  un  balourd 
unitaire  affectant  chacun  des  etages  du  rotor. 

Puis  nous  avons  choisi  de  calculer  les  efforts  en  module  relatifs  A la  perte  d'une  aube 

- d'etage  n*  1 de  soufflante  (fan) 

- de  I'etage  n°  7 du  compresseur  haute  press  ion 

- de  I'etage  n°  l de  la  turbine  haute  pression 

- de  I'etage  n°  4 de  la  turbine  basse  pression 

celle-ci  correspondant  au  balourd  maximum  de  chaque  element  du  rotor. 

Le  regime  de  decollage  correspond  A une  excitation  A 147  Hr  pour  les  elements  basse  pression 

et  205  Hr  pour  les  elements  haute  pression 
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A titre  d' i l lust  rat  ion  nous  donnons  plane he  7 1 'evolution  de  la  composante  verticale  de  1 'effort 
applique  A une  attache  lateralc  avant  pour  la  rupture  d'une  aube  de  turbine  haute  pression. 

l.es  echelles  verticales  sont  logurithmiques . 

Dans  un  autre  cas,  effort  en  Z sur  l 'attache  arrifcre  lors  de  la  perte  d'une  aube  de  turbine 
haute  pression,  la  valeur  aberrante  de  115  000  daN  avait  £te  atteinte. 

Compte  tenu  des  reserves  faites  precedetnment , et  que  nous  rappelons  plus  loin,  ii  n'a  pas  ete 
tenu  compte  des  efforts  rencontres  a la  frequence  du  deuxierae  mode  souple  pour  1 'analyse  de  la  tenue 
de  la  structure. 

4.3  Resistance  des  attaches 

Les  efforts  maximaux  sont  atteints,  pour  les  attaches  avant,  aux  resonances  a 9 et  18  Hz  ; ces 
frequences  ne  sont  que  traversees  lors  de  la  mise  en  route  et  de  1'arrSt  des  reacteurs  ; el  les  se 
situent  en  dessous  du  regime  moulinet  en  vol  qui  est  de  34  Hz  pour  le  rotor  basse  pression.  Leur 
marge  est  considerable  par  rapport  aux  efforts  statiques  determinants. 

Le  calcul  de  tenue  en  fatique  a ete  effectue  pour  1 'attache  arriere  en  prenant  pour  effort 
rencontre  en  vol  la  resultante  des  efforts  maximaux  en  Y et  en  Z pour  1 'excitation  due  au  balourd  du 
4e  etage  de  la  turbine  basse  pression  ; soit  environ  3600  daN  a la  frequence  de  resonance  de  33  Hz 
correspondant  au  5e  mode  propre. 

Nous  supposerons  d'abord  qu'une  aube  de  turbine  4e  etage  casse  en  vol,  que  les  vibrations  soient 
tel les  que  le  pilote  coupe  le  reacteur  qui  prend  son  regime  de  moulinet.  Ce  qui,  soit  dit  en  passant, 
n'a  pas  pour  effet  de  les  attenuer,  au  contraire. 

Si  l'on  suppose  une  loi  de  duree  de  vie  en  fatigue  de  la  forme 


N ctant  la  duree  de  vie  en  nombre  de  cycles 
F 1 'effort  applique  en  module  soit  3600  daN 
F rupture  la  charge  de  rupture  soit  9340  daN 

on  tiouvo  pour  une  duree  de  vie  d'une  heure  correspondant  A la  duree  d'un  vol  une  valeur  de  k de  12, 
valeur  possible  bien  qu'un  peu  optimiste. 

Rcmarquons  que  le  pilote  ne  reduira  pas  jusqu'A  obtenir  une  excitation  A la  resonance  puisqu'au 
fur  et  S raesure  qu'il  diminuerait  le  regime,  le  niveau  de  vibrations  augmenterai t . 11  s'en  tiendra, 
par  exemple,  h un  niveau  egal  au  1/10  de  celui  de  la  resonance,  ce  qui  correspond  d un  regime  supe- 

rieur  de  4 Hz  (ou  240  tr/mn)  au  moulinet  vol  ; A ce  point  la  remontee  d' amplitude  lorsque  la  frequence 

diminue  est  dejA  notable. 

En  se  limitant  a une  valeur  de  k egale  d 4,  valeur  defavorable,  et  dans  les  conditions  de  reduc- 
tion moteur  precedentes,  la  duree  de  vie  devient  450  000  cycles. 

La  frequence  etant  maintenant  de  37  Hz  caci  correspond  A environ  3 heures  et  demie.  Nous  pouvons 
encore  prendre  un  facteur  de  dispersion  de  3,5  et  tabler  sur  une  duree  de  vie  d'une  heure  c'est-A-dire 
celle  d'un  vol . 

5.  REVUE  CRITIQUE  DES  ELEMENTS  INTERVENANT  DANS  CETTE  ETUDE 

Bien  que  1 'avion  soit  con^u  pour  pouvoir  poursuivre  son  vol  meme  en  cas  de  perte  de  1 ' un  des  moteurs, 
la  perte  d'une  aube  du  rotor  n'aura  done  pas  cette  consequence  dramatique  : le  pilote  pourra  reduire  le 
regime  et  attendre  l'escale  prevue  pour  faire  deposer  le  moteur. 

D'ailleurs,  le  but  de  cet  expose  n'etait  pas  de  demontrer  cet  aspect  "fail  safe",  mais  plutot  de  faire 
le  point  des  elements  necessaires  & cette  demonstration. 

Nous  allons  maintenant  les  passer  en  revue  de  faqon  critique  : 

5.1  Caracter ist iques  inertielles  du  moteur  rigide 

Elies  sont  fournies  par  le  motoriste  mais  doivent  etre  completes  par  les  elements  fabriques 
par  l'avionneur  et  suspendus  avec  le  moteur  sous  le  mat  : entrde  d'air,  capots,  carenages, 
accessoires,  etc... 

La  connaissance  que  l'on  a des  masses  et  position  du  centre  de  gravite  est  suffisante.  Celle 
des  moments  d'inertie,  de  roulis  en  particulier,  I'est  dejA  moins. 

La  mesure  de  ces  moments  d'inertie  se  heurte  A des  probl^mes  de  precision  et  de  mise  en  oeuvre 
vue  la  taille  des  elements. 


r 
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5.2  Flexibilit#  du  mat 

La  matrice  provient  d'un  calcul  d'element  finis. 

L'experience  montre  qu'elle  est  obtenue  de  maniere  sat isfaisante . On  pourrait  concevoir  de  la 
mesurer.  On  pourrait  aussi  effectuer  un  essai  de  vibration  du  moteur  monte  sur  le  mat,  le  tout  fixe 
sur  bati  ; et  limit#  aux  six  premiers  degres  de  liberte  ; ce  qui  permettrait  egalement  la  verifica- 
tion, globale,  des  caracterist iques  inertielles  du  moteur  par  comparaison  des  resultats  d'essais  et 
du  calcul  des  modes  propres. 

La  encore  la  difficult#  provient  de  la  taille  des  elements  et  elle  se  situe  princ ipalement  au 
niveau  du  bati. 

Dans  l'exemple  que  nous  avons  trait#  la  validit#  des  caracterist iques  inertielles  ainsi  que 
celle  de  la  matrice  de  flexibilite  du  mat  a ete  verifiee  a un  niveau  encore  plus  integre  puisque  cela 
s'est  fait  au  moyen  de  l'essai  de  vibration  au  sol  de  l'avion  complet  compare  aux  calculs  sur  plans. 

La  correspondance  s'est  revelee  tres  sat isfaisante . 

5.3  Amort issement  structural 

C'est  le  parametre  fondamental  d'une  etude  comme  celle-ci,  car  la  pointe  de  resonance  est  a 
peu  pres  inversement  proport ionnel le  a l 'amort issement . 

II  ne  peut  etre  tire  de  considerations  theoriques  et  ne  peut  que  provenir  d'un  essai  de  vibra- 
tion au  sol. 

C'est  un  parametre  certainement  non  lineaire  et  qu'il  faudrait  determiner  pour  une  plage  suf- 
fisante  des  forces  d'excitat ion . Malheureusement  ies  essais  au  sol  sont  ’ < rnlement  elfectues  avec 
des  moteurs  bons  de  vol. 

Pour  garantir  leur  aptitude  ulterieure  et  les  proteger  du  "brine  1! i ne" , le  motorists  limite 
fortement  I' amplitude  des  vibrations  que  l'on  pourrait  introduire,  ou  de”  ,ue  le  moteur  soit 

maintenu  en  rotation  ce  qui  complique  considerablement  1 'exper imentat i «.  ticulier  pour  la  deter- 

mination d'un  parametre  aussi  delicat  que  1 ' amort issement . 

La  valeur  prise  pour  les  modes  rigides,  10  °/0o,  est  sans  doute  val.ib  quo  soit  le  moteur 

et  l'avion. 

En  ce  qui  concerne  les  modes  souples  il  faudrait  pouvoir  disposer  d u moteur  reform#  mais 
equip#  cependant  d'un  nombre  suffisant  d ' accessoires  et  de  sous-structures  tel les  que  entr#e  d'air, 
capots  lorsqu'ils  sont  attach#s  au  moteur,  etc...  Ces  #lements  sont  en  effet  susceptibles  d' introduire 
de  1 'amort issement , pr incipalement  par  les  frottements  s'exerqant  aux  liaisons. 

5.4  Modes  souples  du  moteur 

Leur  determination  correcte  n#cessite  de  pouvoir  placer  des  capteurs  a l'interieur  du  moteur, 
sur  I'arbre  rotor  en  particulier,  et  sans  doute  aussi  de  pouvoir  1 'exciter  a des  amplitudes  suffisantes. 
On  retrouve  les  remarques  pr#c#dentes. 

La  gamme  de  fr#quences  1 couvrir  entre  le  moulinet  (ou  meme  la  fr#quence  z#ro  si  l'on  s'int#- 
resse  aux  transitoires)  et  le  r#gime  de  d#collage  est  #tendu.  II  y aura  beaucoup  de  modes  a mesurer 
ce  qui  conduira  a un  essai  assez  long. 

5.5  Calcul  du  moteur  et  du  mat 

Cette  difficult#  jointe  au  fait  que  les  modes  propres  du  mat  seul  interviennent  b fr#quence 
#lev#e,  nous  oriente  vers  une  #tude  th#orique  globale  du  moteur  souple  et  du  mat  au  moyen  d'une 
m#thode  d'#l#ments  finis  dont  les  r#sultats,  c'est-a-dire  les  modes,  devraient  etre  control#s  par  un 
essai  au  sol  de  \ibrations. 

Ce  travail  d#passe  les  possibilit#s  de  l'avionneur  et  doit  d'abord  etre  commenc#  par  le  moto- 
riste  d'autant  plus  qu'un  meme  type  de  moteur  peut  #quiper  des  types  d'avions  diff#rents. 

Bien  entendu  il  existe  une  frontiere  commune,  aux  points  d'attache,  et  la  compat ibil it#  des 
sch#mas  moteur  , mat,  carenages  et  accessoires  doit  etre  assur#e.  Ce  qui  implique,  a partir  d'un 
certain  stade,  la  coop#ration  du  motoriste  et  de  l'avionneur. 

Il  semble  bien  que  ce  soit  dans  cet  esprit  qu'ait  #t#  conduite  1 'etude  des  modes  normaux  de 
l'ensemble  moteur  JT9D  avion  747,  le  terme  d ' int#grat ion  ayant  meme  #t#  utilis#  dans  certains  des 
articles  publi#s  a ce  sujet  (cf  r#f#rences  1 et  2). 

Dans  ce  domaine  beaucoup  reste  encore  d faire. 
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6.  CONCLUSIONS 
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Figure  1 Avion  Mercure 


Figure  2 Structure  du 


FRONT  and  rear  engine  attachment  points 
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Caracteristiques  inertielles  moteur 


Masse  2405  kg 

2 

Inert le  de  roulis  290  tn  kg 

. 2 
Inertie  de  tangage  ou  lacet  3000  m kg 

Figure  4 Matrice  de  raideur  du  mat  rapportee  aux  attaches  mat  reacteur  (m,  N,  radian) 
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Avec  moteur  rigide 
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Figure  b Influence  des  modes  souples  sur  les  frequences  propres  (Hr) 
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Figure  7 


Composante  verticale  de  1 'effort  applique  a une  attache  laterale. 
Rupture  d'une  aube  de  turbine  haute  pres si  on. 
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DISCUSSION 

U.Bolleter,  Switzerland 

( ould  you  please  tell  us  which  methods  you  used  to  determine  the  modal  parameters,  the  generalized  masses  and 
deflections  of  the  engine,  which  experimental  methods  you  used? 

Reponse  d’Auteur 

C etait  un  essai  de  vibration,  c est-a-dire,  un  essai  de  vibration  au  sol;  le  moteur  etait  suspendu  avec  des  sandows. 
des  elastiques.  des  suspensions  elastiques  a tres  basse  frequence  et  des  pots  de  vibration  excitaient  a des  frequences 
variables,  balayaient  en  frequence  ce  moteur  et  les  deplacements  etaient  mesures  au  moyen  d’accelerometres;  mais 
ces  accelerometres,  comrne  je  I ai  d it  tout  a I heure,  n’avaient  pas  pu  etre  monies  a I’interieur  du  moteur  et  je  pense 
que  e'est  la  une  des  critiques  principals  que  I'on  peut  faire  a cette  etude. 

U.Bolleter,  Switzerland 

It  wasn  t a criticism  at  all.  It  I understood  you  correctly,  you  measured  the  excitation  forces  you  applied  to  the 
engine  which  was  softly  suspended. 

Reponse  d'Auteur 

Oui,  ces  forces  d excitation,  elles  etaient  connues,  et  elles  nous  servaient  a calculer  la  masse  generalisee,  I’amortisse- 
ment,  et  I’amortissement  de  chacun  de  ces  modes. 
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SUMMARY 

In  the  future  as  technological  advances  become  more  sophisticated  Improving 
significant l*/  the  performance  ot  a conventionally  Installed  military  engine 
will  become  more  difficult  and  optimum  cost  effectiveness  less  easy  to  achieve. 

Examination  ot  some  less  conventional  configurations  shows  that,  advantages 
may  be  obtained  as  a result  of  a degree  ot  engine  to  airframe  Integration. 

This  might  Involve  the  altcrburner,  nosxle  and  engine  bypass  duct. 

This  paper  describes  some  alternative  ways  for  achieving  this  and  gives 
Indications  ot  weight,  performance  and  cost  trade-oils  that  might  result 
tor  a single  engined  fixed  wing  combat  aircraft. 


l . INTRODUCTION 


Significant  improvements  in  military  engine  installed  performance  will  become  harder  and  more  costly 
to  obtain  by  conventional  means  and  this  will  be  more  so  In  the  tuturc  as  advances  In  technology 
become  more  sophisticated  and  performance  requirements  more  demanding. 

With  the  ever  increasing  quest  tor  Improvement,  of forts  must  be  concentrated  on  reducing  aircraft  drag 
and  mass. 

In  conventional  Installations,  whether  the  engine  and  afterburner  Is  Installed  within  the  fuselage  or 
in  a separate  nacelle,  clearances  must  be  provided  for  a physical  separation  between  the  engine  and 
nlrcratt  structure  to  cater  tor  ln-1 light  structural  deflections,  the  needs  ot  the  actual  installat- 
ion process  and  to  provide  a passage  lor  a 1 low  ot  ventilation  or  cooling  ait*.  In  the  case  ot  a 

pure  Jet  engine  however,  the  magnitude  ot  the  engine  surface  temperatures  are  such  as  to  preclude  the 

possibility  ot  omitting  the  ventilating  passage  between  the  hot  surfaces  and  the  aircratt  structure. 
With  a turbotan  (bypass)  engine  the  core  Is  blanketed  by  the  comparat ive ly  cold  air  flow  Irom  the  Kan 
or  LP  compressor  and  so  long  as  this  is  ducted  effectively  to  the  afterburner  the  airspace  preciously 
provided  can  be  dispensed  with  ami  Integration  ot  the  engine  duct  with  the  airframe  becomes  a poss- 
ibility, Ventilating  air  is  however  required  to  disperse  fuel  vapour  in  the  sone  wlicre  the  engine 
accessories  are  located. 

Thl*  paper  includes  some  ol  the  preliminary  work  done  Jointly  by  British  Aerospace  and  Rolls-Royce 
t.<  let  ermine  the  prospects  for  cost  effective  solutions  along  these  lines. 

. • t>a inr  used  tor  this  work  was  a development  ot  the  well  proven  Rolls-Royce  Military  Spey  two 

•it,  turbofan  engine  which  has  a bypass  ratio  ol  0.7.  In  ISA  sea  level  static  conditions  this 

* . *iv«*  approximately  24000  lb.  ol  thrust  with  afterburner  lit. 


. nvmt  tonal  Installation  arrangement  lor  this  combination  from  which  comparisons  can 
i » evident  that  the  clearance  allowed  between  the  t slip l awe  mount Ing  frame  and  the 
>«««.  ev.ent  determines  the  general  shape  and  cross-sectional  area  ot  the  tall  ot 
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the  tutelage.  The  ’blended*  body  shaped  reai  fuselage  of  this  design  Is  ol  conventional  construct- 
ion and  employs  sculptured  frames  to  carry  the  engine,  moving  tin,  and  tallerons.  The  structure  is 
lined  internally  to  prevent  the  spread  ol  tire,  provide  structural  stability  and  to  allow  lor  the 
passage  ot  cooling  and  ventilation  air.  Alt  ol  the  tallpiane  frame  light  fairings  extend  the  fuse- 
lage shape  to  the  engine  nozzle.  Removable  load-carry ing  doors  below  the  engine  allows  tor  its 
removal  downwards  and  the  lower  portions  ol  the  tin  and  tallpiane  frames  are  therefore  also  detachable. 


3.  THE  INTEGRATION 


The  initial  integrated  installation  investigated  is  shown  in  Fig. 2,  referred  to  .is  the  ’divided  duct* 
version,  and  In  common  with  all  the  other  alternatives  employs  an  afterburner  pipe  which  is  attached 
to  and  becomes  part  of  the  rear  fuselage.  The  top  halt  section  of  the  bypass  duct  now  forms  the 
inner  lining  ol  the  luselage  structure,  the  lower  halt  being  detachable  lor  engine  removal.  The  bare 
engine  with  bypass  duct  and  afterburner  pipe  removed,  shown  cross-hatched  in  the  figure,  now  consists 
of  the  LF  and  HP  compressors,  combustion  chamber  and  turbine  section.  In  addition  It  also  carries 
the  afterburner  gutter  assembly  and  t vie  1 system.  This  latter  feature  having  the  advantage  ol  pre- 
cluding the  necessity  for  breaking  down  tviel  piping  when  the  engine  is  withdrawn  and  is  an  important 
issue  from  an  operating  and  maintenance  point  of  view. 

The  afterburner  pipe,  see  Fig. 3,  which  is  bolted  directly  to  the  titanium  tallpiane  frame  also  carries 
the  variable  nozzle  control  and  operating  Jacks,  the  working  loads  of  which  are  transmitted  by  subsid- 
iary structure  to  be  reacted  by  the  tallpiane  frame  The  fuselage  contour  continuity  is  achieved 
over  the  afterburner  pipe  section  by  the  use  of  light  alloy  removable  lairing  panels  which  also  serve 
to  give  access  to  the  nozzle  Jacks. 

The  titanium  afterburner  pipe  carries  a series  ol  internal  heatshiald  liners  to  provide  It  with 
thermal  Insulailon  by  ensuring  the  presence  ot  a protecting  Jacket  of  cool  bypass  air.  The  liners 
are  similar  in  concept  to  those  fitted  to  conventional  afterburner  pipes  and  operating  experience 
with  contemporary  engines  has  shown  that  the  lives  ot  the  liners  are  well  in  excess  of  those  for  the 
engine.  Thus,  neither  the  liners  nor  tin’  afterburner  pipe  are  likely  to  be  the  cause  ot  costly 
maintenance  action,  but  because  ol  the  method  ot  attachment  proposed  the  pipe  can  be  replaced  readily 
l l necessary. 

The  engine  external  case  temperatures  considered  are  based  on  current  experience  and  l lgure  4 shows 
the  gradients  that  can  be  expected  on  a conventional  Installation  in  tv*>  extreme  cases.  It  Is  seen 
that  the  afterburner  pipe  outer  surface  part  ot  which,  In  the  case  ol  the  integrated  arrangement 
proposed,  would  also  do  duty  as  the  fuselage  structure  gutter  skin,  will  operate  at  a temperature  in 
the  region  of  the  tallpiane  frame  of  between  320  F (IbO^C)  and  44b°F  (2 30  C).  Those  levels  are 
realised  lor  the  ISA  sea  level  static  combat  rating,  and  at  36,000  It.  altitude  Mach  2 (afterburner 
lit)  conditions  respectively.  Operating  temperatures  of  this  order  arc  well  within  the  capabilities 
of  the  aircraft  structural  materials  under  consideration.  However,  provision  could  bo  made  tor  a 
flow  ol  cooling  air  to  pass  through  the  aircraft  structure  i!  this  were  found  to  bo  necessary. 

The  variable  nozzle  is  carried  In  effect  upon  the  aircraft  structure,  as  also  are  the  associated 
screw  Jacks  and  nozzle  actuator  motor.  These  can  be  designed  to  be  powered  either  by  pneumatics 
or  hydraulics  from  the  aircraft  systems.  Considerable  operating  experience  has  been  accumulated  in 
controlling  civil  aircraft  engine  thrust  reversers  from  the  aircraft  systems  and  thus  with  the  Incor- 
poration ol  the  necessary  safety  precautions.  It  is  believed  that  a satisfactory  nozzle  actuating 
and  control  system  can  be  achieved. 

The  nozzle  area  sensing  and  control  to  the  drive  mechanism  will  be  the  only  connection  necessary 
between  the  engine  and  the  aircraft  rear  luselage  section  requiring  disconnection  when  the  engine 
removal  is  undertaken. 

The  first  ot  several  possibilities  which  have  been  considered  for  the  integration  of  the  bypass  duct, 
already  indicated  in  Fig. 2,  is  shown  in  greater  detail  in  Figure  5.  In  this  design  the  top  hall 
cross-section  of  the  duct  is  formed  by  the  inner  lining  of  the  aircraft  structure  and  becomes  inte- 
grated with  it.  Its  lower  longitudinal  edges  carrying  a rigid  seal  pressure  shoe.  The  lower  half 
ol  the  duct  is  detachable  downwards  and  as  shown  in  Fig. 6 is  secured  in  position  by  heavy-duty  toggle 
type  fasteners,  seal  carriers  are  mounted  on  its  upper  longitudinal  edges  and  these  rigidly  interlock 
with  the  pressure  shoe  of  the  top  portion  locating  It  In  position,  they  also  contain  a longitudinal 
seal  which  could  consist  of  a shaped  metal  strip  or  perhaps  a high  temperature  silicone  rubber. 
Conventional  circumferential  metal  piston  ring  type  seals  are  fitted  at  either  end  to  mate  with  t ho 
detachable  halt  ol  the  duct.  Fuselage  structural  frames  extend  downward  together  with  two  longitud- 
inal diaphragms  to  support  the  lower  exterior  aircraft  skin  and  are  shaped  to  give  access  to  the 
fasteners  for  removal  of  the  duct  lower  hall  and  provide  a landing  tor  the  engine  removal  door. 

Although  an  Integrated  installation  employing  a bypass  duct  arrangement,  such  as  that  described,  1 s 
not  believed  to  impose  a weight  penalty,  when  compared  to  a conventional  Installation,  clearly  the 
large  pressure  differential  acting  across  the  duct.  In  this  case  about  50  Ib/tn.  (3.5  kg/cm*J,  makes 
the  necessity  for  any  longitudinal  Joints  very  undesirable  and  two  alternative  ways  lor  avoiding  this 
ar%'  suggested.  Fig. 7 shows  an  arrangement  that  merits  further  consideration  and  in  which  t ho  rear 
section  ol  the  bypass  duet  can  be  slid  forward,  thus  shortening  the  engine  by  a sufficiently  large 
margin  to  allow  for  its  withdrawal  downwards.  This  is  referred  to  later  as  the  ’telescopic’  duct 
arrangement . 

For  the  particular  engine  under  conslderat Ion  t lie  rear  mounting  attachment  has  been  moved  forward  and 
this  Is  possible  with  a relatively  small  Internal  re-arrangement.  The  rearward  portion  ot  the  bvpass 


duct  is  separate  from  the  engine  and  tortns  an  interconnection,  it  is  attached  by  a readily  removable 
clamp  Joint  to  the  aircrait  structure.  A circumferential  piston  ring  joint  completes  the  connection 
with  the  engine  and  would  be  designed  to  allow  sufficient  movement  to  cater  lor  differential  del  Lect- 
ions etc.  A lully  articulating  arrangement  is  not  suggested  because  of  the  relatively  short  length/ 
diameter  ratio  ot  the  connecting  duct  but  turtlier  work  may  show  that  ..his  would  be  an  acceptable 
alternative  solution.  Engine  withdrawal  is  achieved  by  sliding  the  bridging  bypass  duct  portion 
forward,  thus  shortening  the  engine  sufficiently  to  alLow  tor  its  removal  without  disturbing  the 
fixed  afterburner  pipe.  The  reduction  in  fuselage  cross-sectional  area  conferred  by  the  integrated 
reheat  pipe  feature  is  only  marginal Ly  eroded  by  this  alternative  arrangement,  when  compared  with  the 
'divided*  duct  design  previously  described,  and  this  is  because  of  the  relatively  small  clearances 
now  necessary  between  bypass  duct  and  aircraft  structure.  A reduction  in  engine  mass  will  be  rea- 
lised through  the  transfer  of  the  attachment  of  these  engine  components  to  the  aircraft  structure. 


Fig. 8 shows  one  further  possible  alternative  and  in  this  case  the  bypass  duct  aft  of  the  rear  engine 
mounting  together  with  the  afterburner  pipe  is  formed  as  an  integral  part  of  the  aircraft  fuselage, 
the  engine  carrying  only  the  afterburner  gutters.  To  remove  the  engine  it  is  first  necessary  to 
draw  the  rear  fuselage  section  off  backwards  and  the  attraction  or  otherwise  of  this  proposition  will 
depend  on  the  bulk  and  mass  involved  and  on  the  mass  ot  other  large  assemblies  which  may  be  attached. 

The  extent  to  which  controls  and  systems  would  have  to  be  disconnected  would  need  considerat ion.  It 
is  possible  that  a minimum  fuselage  cross-sectional  area  distribution,  and  maximum  mass  reduction  may 
be  achieved  by  this  arrangement,  although  it  may  only  be  attractive  for  particular  aircraft  configur- 
ations. 

In  all  the  integrated  systems  the  basic  engine  weight  has  been  reduced  and  although  this  is  due  to 
the  fact  that  some  of  the  conventionally  accepted  parts  of  the  engine  have  been  transferred  to  the 
aircraft  the  net  effect  is  a saving  in  aircraft  weight.  The  separation  of  the  afterburner  nozzle 
from  the  engine  has  resulted  in  a redistribution  of  the  forces  to  be  reacted  by  the  engine  mountings. 
Since  the  cross  sectional  area  at  the  rear  of  the  basic  engine  upon  which  the  internal  pressure  can 
act  has  been  increased  the  front  suspension  is  subjected  to  increased  thrust  loads.  Although  in 
some  circumstances  an  increase  of  some  40%  in  these  loads  can  occur,  only  a moderate  increase  in  the 
weight  of  the  steel  Intermediate  case,  which  houses  this  mounting,  will  be  necessary.  In  addition 
to  the  foregoing  the  engine  carcase  can  also  be  lightened  because  of  the  relocation  ot  the  after- 
burner and  nozzle.  This  fact  and  the  elimination  of  aerodynamic  side  loads  from  the  latter  have 
resulted  in  a reduction  of  bending  moments  within  the  basic  engine  and  this  has  contributed  to  a 
weight  saving. 

The  resultant  engine  weight  reduction,  taking  the  above  points  into  consideration,  Is  estimated  to 
be  in  the  order  of  30  lb.  (13.6  Kg). 

The  nozzle  area  sensor  wilt  be  on  the  afterburner,  whereas  the  control  will  be  engine  mounted.  No 
compl ications  are  anticipated  because  the  engine  and  afterburner  are  separate  since  nozzle  pressure 
and  position  signals,  probably  transmitted  electrically,  will  be  the  only  ones  requiring  disconnect- 
ion on  engine  removal. 

PERFORMANCE  IMPROVEMENT 

The  work  that  has  been  done  so  far  has  indicated  performance  improvements  both  as  a result  of  drag 
reduction  and  weight  saving.  Both  the  'divided'  and  'telescopic'  duct  integration  schemes  considered 
here  can  return  a similar  reduction  in  rear  fuselage  cross  sectional  area  as  shown  in  Fig. 9,  and  at 
the  plane  of  the  tailplane  frame  this  amounts  to  a reduction  of  about  11%. 

Drag  reduction  estimates  have  concentrated  on  the  improvement  in  the  cross  sectional  area  distribut- 
ion of  the  fuselage  only  and  a single  engine  configuration,  such  as  that  described,  is  likely  to  show 
a smaller  return  than  might  be  the  case  for  a similar  twin  engine  design.  At  subsonic  speeds  little 
improvement  is  likely  since  afterbody  drag  depends  mainly  on  the  degree  of  separated  flow  present  and 
no  change  has  been  made  to  the  nozzle  design  and  base  area  which  have  a large  contributory  effect. 

For  supersonic  speeds  above  M = 1.2  the  estimates  show  a reduction  of  the  order  of  7.5%  of  total  clean 
aircraft  drag.  No  account  has  been  taken  in  the  foregoing  of  the  beneficial  effect  of  rear  fuselage 
shape  improvement  on  the  area  distribution  of  the  complete  aircraft,  for  example,  the  inclusion  of 
flying  surfaces.  It  is  possible  that  the  net  drag  reduction  may  be  greater  than  that  estimated  and 
by  the  same  token  the  drag  rise  characteristics  may  also  be  improved.  Performance  comparison  est- 
imates for  a typical  aircraft  have  been  based  on  a subsonic  combat  mission  study.  The  high  thrust 
to  weight  ratio  and  modest  wing  loading  considered  necessary  to  achieve  the  mission  performance  goals 
combine  to  provide  a substantial  thrust/drag  margin,  thus  minimising  performance  benefits  due  to  drag 
reduction.  For  subsonic  speeds  this  design  is  unlikely  to  show  increases  in  sustained  turn  rate, 

SEP  (Specific  Excess  Power)  and  transonic  acceleration  of  more  than  1%,  however,  at  supersonic  speeds 
these  parameters  are  likely  to  increase  to  approximately  8%.  Further,  if  the  aircraft  were  Mown 
on  a supersonic  interception  mission,  as  shown  in  Fig. 10,  the  penetration  distance  would  also  be 
increased  by  about  8%.  Clearly  for  the  case  where  an  aircraft  is  designed  for  a supersonic  mission, 
the  performance  and  size  benefits  could  both  become  significant.  Typical  cases  studied  by  British 
Aerospace  indicate  that  a return  of  about  double  the  foregoing  values  of  sustained  turn  rate,  SET 
and  transonic  acceleration  can  be  expected.  Preliminary  comparative  estimates  have  shown  that  a 
saving  in  weight  of  approximately  77  lb.  (35  Kg)  can  be  expected  from  the  'telescopic*  duct  arrange- 
ment when  compared  to  a conventional  design.  A somewhat  smaller  saving  realised  for  the  'divided* 
duct  arrangement  is  due  to  the  need  to  add  strengthening  for  the  removable  feature  of  the  lower  halt 
of  the  bypass  duct. 


COSTS 


Savings  In  costs  can  stem  from  the  possibility  that  exists  to  reduce  the  size  of  the  aircraft  and 
for  the  mission  shown  In  Fig. 10  the  empty  weight  could  be  reduced  by  about  2f>4  lb.  (120  Kg)  l.e. 
about  1.4%  of  aircraft  empty  weight.  For  a fleet  of  200  aircraft  this  could  show  an  acquisition 
cost  saving  of  about  £13M,  and  assuming  a 15  year  life  and  300  hour/year  utilisation  a further  saving 
In  fuel  costs  of  approximately  £2lM  can  be  added  making  a total  saving  of  £34M.  Further  savings, 
less  easy  to  quantify,  may  be  possible  and  these  come  under  such  headings  as  spares  and  logistic- 
support.  For  example,  the  transfer  of  engine  parts  to  the  aircraft  has  advantage  In  reducing  engine 
maintenance  costs  and  the  engine  when  removed  from  the  aircratt  has  Its  critical  parts  more  readily 
accessible  for  Inspection  and  repair.  Spare  engines  are  smaller  and  lighter  and  this  reduces  the 
cost  of  storage  and  transport.  Since  the  parts  transferred  have  a longer  life  than  the  engine, 
fewer  spares  may  be  required  and  total  procurement  cost  reduced. 


CONCLUSIONS 


The  work  that  has  been  described  In  this  paper  has  covered  the  Initial  steps  lhat  might  be  taken 
along  the  road  of  englne/alrf rame  Integration  for  a lurbolan  engine  and  has  shown  that  benefits  In 
the  form  of  performance  Improvement  and  cost  savings  exist  and  are  to  be  had  for  a small  Increase  In 
technical  risk.  It  is  hoped  to  deepen  this  work  in  the  future  to  seek  even  fuller  Integration  lead- 
ing to  further  drag  reduction  and  performance  gains.  It  Is  hoped  to  consider  other  configurations, 
for  example,  twin  engined  designs,  where  the  Integration  may  prove  more  cost  effective,  and  to 
explore  the  degree  to  which  it  may  augment  performance  improvements  resulting  from  the  adoption  of 
such  features  as  Improved  propulsion  nozzle  configurations. 


The  Authors  wish  to  thank  their  respective  Companies  for  permission  to  present  this  paper,  and  to 
their  colleagues  for  their  help  In  preparing  it.  They  are  personal  views  of  the  Authors  and  do 
not  necessarily  reflect  the  approach  of  our  respective  companie's. 


SINGLE  DEVELOPED  ROLLS  ROVCE 
“ \ 1 

^ FRONT  MOUNTING 

//////^~^'  ^ ^ ^REAR^  mounting 

nil. 


fuselage  oat 


NGINE  THRUST  LINE 


In 


REMOVAL  ACCESS  DOOR 

CONVENTIONAL  INSTALLATION 


\TAILPLANE  MOUN  I ING  FRAME 
LOWER  PORTION  REMOVABLE 


FRONT  MOUNTING^ 
REMOVABLE  ENGINE  UNIT. 


UPPER  HALF  OF  BY-PASS 
DUCT  INTEGRATED]  WITH 
FUSEL AGF  STRUC1URE 


INTEGRATED  AFTERBURNER 

T 


REAP  MOUNTING 


m 


DETACHABLE  LOWER  HALF 
BY-PASS  DUCT 

REMOVABLE  ACCESS  DOORS 


v tail  plane  mounting  frame 

CARRIES  JET  PIPE  AND  NOZ21F 


M«2  0.  ISA.  36000 
MAX  REHEAT 


ISA,  SL,  STATIC 
COMBAT  RATING 


TYPICAL  TURBO-FAN  ENGINE  CASING  TEMP  DISTRIBUTION 


SEAL 

CARRIER 


SECTION  AA 


REMOVABLE  LOWER  PORTION 
OF  BYPASS  DUCT 


TOGGLE  TYPE  LATERAL  FUSELAGE 
FASTENER  STRUCTURAL  FRAME 


SEAL  PRESSURE  SHOE 


JOINT 

INTERLOCK 


SEALING  STRIP 


TOGGLE  LOWER 

ATTACHMENT 

SOCKET 


REMOVABLE  LOWER 
PORTION  OF  BYPASS 
DUCT 


ENGINE  ACCESS 


FUSELAGE 
CROSS  S] 
AREA  m ■ 


„sfc 


DISTANCE  FORWARD  FROM  TAIL  m. 

CROSS  SECTIONAL  AREA  DISTRIBUTION. 


FIG.  9 


ACCELERATE  TO  AND 
CRUISE  AT  1-5  M. 


SUPERSONIC  INTERCEPTION 


MISSION  20  K.  FT  ALTITUDE 


FIG.  10 


25-10 


DISCUSSION 

K. Loiter,  FRG 

I would  like  to  emphasize  what  you  said  in  your  last  sentence,  i.e.  that  further  studies  should  include  investigations 
of  advanced  con-di-nozzles.  The  possible  drag  reductions  at  high  supersonic  Mach  numbers  due  to  a slender,  base- 
free  nozzle  could  exceed  even  10%  of  total  airplane  drag  and  at  supersonic  flight  conditions  the  improvement  in 
installed  net  thrust  can  also  be  as  high  as  10%  with  a properly  adapted  cor. -di-nozzle.  Therefore,  further  work  in 
that  direction  is  highly  recommended. 

Author's  Reply 

The  authors  are  glad  to  note  that  the  questioner  is  in  agreement  with  them. 


A NEW  FACILITY  FOR  STRUCTURAL  ENGINE  TESTING 


by 

Captain  Robert  L.  B.  Swain  and  Dr.  James  G.  Mitchell 
Arnold  Engineering  Development  Center 
Arnold  Air  Force  Station,  Tennessee  37389 


SUMMARY 


Current  and  planned  test  facilities  are  designed  to  test  an  engine  over  a range  of 
flight  speeds  and  altitudes.  However,  no  existing  or  approved  facility  can  simulate  the 
maneuver  environment  an  engine  actually  experiences  in  flight.  It  has  become  apparent 
in  recent  years  that  maneuver- induced  forces  are  contributing  to  major  problems  in 
engine  durability  and  operational  efficiency.  Engine  development  trends  toward  closer 
tolerances,  lighter  cases,  etc.,  will  cause  the  problems  to  become  even  more  severe  in 
the  future.  The  Facility  Planning  Division  at  Arnold  Engineering  Development  Center, 
Tennessee,  has  studied  the  requirements  for  a facility  capable  of  simulating  aircraft 
maneuvers  for  the  last  five  years  and,  with  the  assistance  of  experts  from  the  engine 
community,  has  evolved  a facility  concept  known  as  the  Turbine  Engine  Loads  Simulator 
(TELS).  A description  of  the  proposed  facility  and  its  potential  benefits  to  the 
engine  development  process  are  presented. 

LIST  OF  SYMBOLS  ‘ 

M = gross  gyroscopic  moment  (ft-lb) 

I = moment  of  inertia  of  the  rotor  about  its  spin  axis  (lb-ft2) 
w = spin  velocity  of  the  rotor  (rad/sec) 
fl  = pitch-up  angular  velocity  (rad/sec) 
g = acceleration  due  to  gravity  (ft/sec2) 

F = blade  force  perpendicular  to  the  plane  of  the  rotor  disc  (lb) 
m * mass  of  the  blade  (lb-sec2/ft) 

r = distance  from  the  spin  axis  to  the  radius  of  gyration  of  the  blade  (ft) 

9 = angular  displacement  of  the  blade  relative  to  the  turn  (S2)  axis. 

INTRODUCTION 


The  outstanding  performance  of  modern  turbine  engines  has  been  achieved  through  an 
evolutionary  process  spanning  three  decades.  Thrust-to-weight  ratio  is  a significant 
indicator  of  jet  engine  performance,  and  Fig.  1 illustrates  how  it  has  improved  during 
the  past  30  years.  Aerodynamic  advances  are  noted  in  improved  stage  pressure  ratios  and 
flow  path  refinements.  Material  advances  along  with  improved  cooling  system  design  have 
permitted  engine  operation  at  higher,  more  efficient  temperatures.  Structural  and 
material  advances  have  permitted  considerable  weight  savings.  The  result  of  all  these 
improvements  is  today's  turbine  engine  containing  approximately  40,000  individual  parts 
which  must  function  with  incredible  precision  to  realize  the  performance  potential  of 
the  engine.  Clearances  between  rotating  and  static  components  along  the  flow  path  must 
be  maintained  to  within  a few  thousandths  of  an  inch  to  prevent  significant  losses  in 
thrust  and  efficiency  while  exposed  to  an  operating  environment  which  imposes  severe 
thermal  and  mechanical  stresses  on  the  engine  components.  These  stresses  inevitably 
take  their  toll  on  engine  performance  and  durability.  As  engine  performance  deteriorates 
in  operational  service,  fuel  flow  must  be  increased  to  restore  the  lost  thrust,  resulting 
in  increased  temperatures,  shorter  engine  life  and  occasional  catastrophic  failures. 

BACKGROUND 


Many  of  these  thermo- structural  problems  appear  as  the  engine  gradually  yields  to 
the  forces  inherent  in  its  operational  environment.  Some  can  be  adequately  analyzed  and 
properly  accounted  for  in  design  sin-e  they  are  predominantly  unidirectional  and  affect 
only  one  or  two  components.  For  example,  the  centrifugal  acceleration  of  high-speed 
compressor  and  turbine  blades  can  exceed  30  thousand  g's.  However,  the  resulting  forces 
are  analytically  dealt  with  fairly  easily  because  they  act  in  a single  direction, 
causing  only  tensile  stresses  to  arise  in  the  blade,  and  they  affect  primarily  the  blade 
and  the  disc  to  which  it  is  attached.  Much  more  difficult  to  accommodate  are  those 
forces  which  change  direction  as  the  engine  rotates  or  those  which  feed  back  into  the 
remainder  of  the  engine,  thus  affecting  clearances  and  forces  on  other  components.  A 
great  deal  of  time  and  money  have  been  spent  to  date  on  studies  of  those  environmental 
effects  which  can  be  duplicated  or  simulated  in  today's  ground  test  facilities.  With  the 
advent  of  advanced  computational  techniques  combined  with  a vast  amount  of  accumulated 
empirical  data,  engine  designers  are  developing  methods  of  dealing  with  many  of  these 
difficult  structural  problems. 

DEFINITION  OF  LOADS 

There  is  one  major  source  of  complex  structural  forces  which  remains  relatively 
unexplored;  i.e.,  aircraft  flight  maneuvers.  Conventional  ground  test  facilities  are 
unable  to  simulate  aircraft  maneuvers,  while  flight  test  suffers  from  lack  of  timeliness, 
high  cost  and  extremely  limited  data  acquisition  due  to  space  and  weight  restrictions. 
When  an  aircraft  performs  a flight  maneuver,  it  exposes  the  engine  to  forces  it  never 
experiences  in  a static  test  cell.  These  forces  arc  primarily  composed  of  centripetal 
forces  produced  by  the  linear  acceleration  of  a changing  flight  path  and  gyroscopic 
moments  induced  by  the  spinning  rotor  reacting  as  a gyroscope  to  the  rotation  of  the 


aircraft.  Calculations  show  that  forces  arising  from  aircraft  maneuvers  are  sufficient 
to  cause  major  problems  in  an  engine.  Today's  combat  aircraft  are  maneuvered  in  excess 
of  10  g's  on  a regular  basis.  In  a 10-g  turn  an  engine  may  suddenly  "weigh"  35  thousand 
pounds  and  produce  contortions  in  the  engine  case  and  rotor  which  affect  bearing  loads 
and  clearances  throughout  the  engine.  For  years,  engine  designers  have  attempted  to 
determine  the  complex  effects  of  such  maneuver- induced  inertial  loading  by  applying 
calculated  forces  to  hard  points  on  the  engine  case  and  measuring  the  resulting  deflec- 
tions. Since  the  loads  were  lumped,  the  rotor  was  sometimes  absent  and  the  other  opera- 
ting forces  were  missing,  the  static  loads  test  was  crude  at  best;  but  it  was  the  only 
method  of  obtaining  an  experimental  approximation  of  the  engine's  response  to  inertial 
loads.  But  as  modern  engines  have  become  more  efficient  structurally,  they  have  presented 
fewer  "hard"  points  on  which  to  apply  the  simulated  loads.  In  fact,  the  F 1 0 1 engine  is 
the  first  modern  turbine  engine  developed  in  this  country  without  being  subjected  to  a 
static  load  test.  There  was  simply  nowhere  to  realistically  apply  the  loads. 

To  analytically  determine  the  distribution  of  an  inertial  load  among  the  five  or  six 
rotor  shaft  bearings,  it  is  necessary  to  know  or  assume  a value  for  the  mass  and  stiffness 
distribution  of  the  rotor  and  the  case.  To  solve  for  the  relative  displacements  and 
forces,  the  case  and  rotor  are  often  treated  as  two  concentric  springs.  To  adequately 
account  for  the  asymmetries  of  the  mass  and  stiffness  of  the  case  and  rotor,  considerable 
computer  capacity  is  required  for  even  the  simple  case  where  the  engine  is  not  operating. 
The  complexity  of  the  problem  greatly  escalates  when  one  now  tries  to  account  for  the 
operational  effects  of  the  engine;  e.g.  a non-uniformly  heated  shaft  and  case,  the  aero- 
dynamic pressure  within  the  engine  which  tends  to  stiffen  the  case,  and  a spinning  rotor 
which  tends  to  straighten  the  rotor  shaft. 

If  we  additionally  allow  the  engine  to  rotate  about  its  pitch  or  yaw  axis  (which 
will  occur  in  almost  every  high-g  maneuver),  powerful  gyroscopic  forces  enter  the  picture 
which  make  the  solution  to  our  "simple"  problem  even  more  difficult.  When  some  of  our 
current  engines  are  rotated  at  radians  per  second,  as  specified  in  MIL-E-5007D,  gyro- 
scopic moments  in  excess  of  200,000  ft-lb  are  generated  by  the  rotor  against  the  engine 
bearings.  The  gross  magnitude  of  the  moment  is  simple  to  calculate  using  the  equation; 

M • I u n / g (1) 

However,  the  difficulty  again  arises  not  in  calculating  the  magnitude  of  the  force  but  in 
determining  how  and  where  the  force  will  manifest  itself  within  the  engine.  To  compound 
the  problem,  gyroscopic  effects  are  not  intuitively  obvious  and  thus  one  sometimes  fails 
to  anticipate  their  true  nature  and  location.  For  instance,  when  accounting  for  the 
macroscopic  gyro  forces,  one  must  not  fail  to  consider  also  the  microscopic  forces  (those 
forces  peculiar  to  an  individual  component).  It  can  be  shown  that  the  gyroscopic  forces 
acting  on  a rotor  blade  within  the  engine  is  goven  by  the  Equation  (2).  See  Figure  2. 

F * m r uj  il  cos  9 (2) 

Note  that  the  term  cos  8 causes  the  force  to  be  cyclic;  i.e.,  positive  during  half  of  the 
rotation  and  negative  during  the  other  half.  Using  values  typical  for  a 30  thousand  pound 
thrust  high  performance  turbofan  engine,  the  maximum  gyroscopic  bending  force  on  a fan 
blade  would  be  t 740  lb,  compared  to  a steady  aerodynamic  force  of  475  lb.  Thus,  not 
only  does  the  gyro  force  exceed  the  aero  force  by  a sizable  margin,  but  the  aero  force  is 
quasi-steady  while  the  gyro  force  is  cyclic,  tending  to  bend  the  blade  back  and  forth 
each  revolution.  Every  piece  of  rotating  hardware  is  subjected  to  similar  gyroscopic 
effects  in  addition  to  all  the  other  inertial  and  operational  forces  active  at  that  moment. 
Within  this  realistic  force  environment,  the  task  of  calculating  the  clearance  between  a 
certain  compressor  blade  and  its  seal  or  determining  individual  component  design  loads 
becomes  difficult  indeed. 

Approximate  solutions  to  such  problems  can  only  be  obtained  by  making  numerous 
simplifying  assumptions  and/or  enlarging  the  finite  element  grid  to  allow  computers  to 
handle  the  problem  in  a reasonable  time  and  within  the  machine  capacity.  Even  then,  the 
accuracy  of  the  resulting  solution  must  be  seriously  questioned.  Without  empirical  data 
to  validate  the  required  assumptions  and  simplifications,  larger  safety  factors  must  be 
designed  into  a component  to  compensate  for  the  lack  of  confidence  in  the  analytical 
data.  With  engine  designers  attempting  to  squeeze  even  more  thrust  and  efficiency  from 
future  engines,  it  is  becoming  increasingly  obvious  that  a test  facility  is  needed  which 
can  bridge  the  gap  between  conventional  ground  test  facilities  and  flight  test;  a test 
facility  capable  of  generating  the  empirical  data  base  necessary  for  further  innovative 
improvements  to  the  engine  structure. 


TURBINE  ENGINE  LOADS  SIMULATOR 


Personnel  at  the  Arnold  Engineering  Development  Center  began  working  with  military 
and  civil  aviation  experts  in  1973  to  study  the  maneuver  loads  problem  and  some  possible 
simulation  solutions.  As  a result  of  preliminary  studies,  a concept  evolved  which  came 
to  be  known  as  the  Turbine  Engine  Loads  Simulator  (TEI.S).  Subsequent  study  has  focused 
on  further  refinement  of  the  basic  concept  and  definition  of  sub-system  requirements  and 
capabilities.  As  currently  planned,  TELS  will  be  configured  basically  as  a very  sturdy 
centrifuge  with  a 4 degree -of - f reedom  engine  mount  which  will  orient  an  opera* ing  engine 
in  any  attitude  and  at  any  position  on  the  arm  to  simulate  the  desired  maneuver  (See 
Fig.  3). 
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TELS  will  be  capable  of  simulating  any  combination  of  inertia  loads  to  15  g's  and  turn 
rates  up  to  3.5  radians/sec.  Thus  all  the  engine's  internally  generated  and  externally 
applied  loads  will  be  simulated  simultaneously.  This  capability  is  sufficient  to  satisfy 
current  test  requirements  as  well  as  anticipated  future  test  requirements  for  remotely 
piloted  vehicles  and  other  high  performance  aircraft. 

TELS  Instrumentation: 

TELS  will  employ  advanced  diagnostic  instrumentation  to  accurately  measure  the  engine' 
response  to  simulated  aircraft  maneuvers.  Part  of  this  instrumentation  consists  of  an 
X-ray  unit,  which  will  permit  direct  observation  of  internal  engine  components  on  a TV 
monitor  while  the  test  is  in  progress.  The  real-time  capability  permits  precise  align- 
ment of  the  X-ray  unit  to  compensate  for  relative  movement  between  the  engine  and  X-ray 
unit  due  to  varying  test  conditions.  It  also  supplies  immediate  data  for  decis ion -making ; 
e.g.,  whether  to  proceed  to  more  severe  test  conditions.  Operating  concurrently  with  the 
real-time  system,  the  X-ray  detector  will  obtain  primary  diagnostic  data  by  direct 
exposure  of  high  resolution  radiographic  film  at  a maximum  rate  of  one  frame  per  second. 
The  X-ray  source  will  be  synchronized  with  the  engine,  emitting  a five-microsecond  pulse 
each  revolution  of  the  rotor.  A typical  radiograph  will  require  approximately  200  pulses 
for  proper  exposure,  with  actual  exposure  time  determined  by  the  thickness  of  the  metal 
which  the  beam  must  penetrate.  The  X-ray  source  and  detector  will  be  mounted  in  a frame 
which  will  rotate  about  the  engine  and  provide  for  axial  and  radial  transition,  thereby 
permitting  full  radiographic  coverage  of  a large  section  of  the  engine  without  the  neces- 
sity of  stopping  TELS  to  reposition  the  X-ray  unit.  Much  work  has  been  done  by  Rolls 
Royce,  Pratt  5 Whitney  and  General  Electric  in  the  field  of  turbine  engine  radiography. 
Fig.  4 shows  some  of  the  results  of  that  work  and  Fig.  5 demonstrates  the  improvements 
obtainable  using  the  computer  enhancing  techniques  developed  during  the  space  program. 

A clearance  measurement  accuracy  of  five  mils  has  been  demonstrated  by  Pratt  5 Whitney 
using  a system  similar  to  that  envisioned  for  TELS. 

Unique  Capability: 

The  greatest  amount  of  useful  data  from  the  diagnostic  instrumentation  can  be  obtained 
when  the  engine  is  subjected  to  precisely  known  test  conditions  and  the  various  maneuver 
effects  are  separated  to  determine  the  relative  contribution  of  each  effect  to  the  overall 
engine  response.  Even  flight  testing  cannot  supply  this  type  of  information.  TELS  has 
this  capability  due  to  the  unique  design  of  the  hinge-gimbal  engine  mount.  To  apply 
gyroscopic  loads  only,  the  engine  is  positioned  directly  over  the  pedestal.  To  obtain 
g loads  with  no  gyroscopic  loads,  the  engine  is  positioned  at  the  desired  arm  radius  and 
pitched  to  a vertical  position  by  actuating  the  hinge  on  the  engine  mount.  The  engine 
rotor  axis  now  parallels  the  rotation  axis  of  TELS,  and  thus  the  gyroscopic  rotation 
rate  is  zero.  At  any  selected  g-load  condition,  the  simulated  gyroscopic  rotation  rate 
can  be  adjusted  to  any  value  from  zero  to  the  TELS  rotation  rate  simply  by  pitching  the 
engine  to  the  appropriate  hinge  angle  between  the  vertical  and  horizontal  positions. 

The  combined  gyroscopic  and  inertial  loads  can  be  applied  to  the  engine  in  the  desired 
direction  by  rotating  the  turret  and  rolling  the  engine  within  the  mount.  The  four 
degree-of- freedom  hinge-gimbal  mount  allows  TELS  to  simulate  the  combined  inertial  and 
gyroscopic  loading  conditions  of  any  maneuver  within  its  broad  test  envelope. 

Potential  Uses: 

TELS  will  be  able  to  make  a significant  contribution  at  every  stage  of  the  engine 
development  process  with  its  simulation  flexibility  and  diagnostic  capability.  During 
the  early  research  stages,  individual  components  and  sub-assemblies  can  be  tested  to 
generate  empirical  data  to  verify  a new  design.  For  example,  considerable  effort  is 
being  directed  toward  development  of  composite  (graphite-epoxy,  etc.l  fan  blades  for 
turbofan  engines.  Since  the  elastic  modulus  and  other  material  properties  differ  markedly 
from  the  metals  now  being  used,  it  would  seem  prudent  to  determine  the  reaction  of  the 
new  composites  to  the  steady  and  oscillatory  maneuver  forces  thev  will  eventually  exper- 
ience in  flight.  Early  detection  of  any  problems  would  surely  result  in  cheaper  fixes 
and  could  possibly  prevent  the  costly  program  delay  which  usually  results  when  a major 
deficiency  is  not  detected  until  the  engine  is  flight  tested.  As  the  development  process 
continues,  TELS  can  provide  previously  unavailable  information  regarding  component  inter- 
action and  structural  integrity  of  major  assemblies.  For  instance,  a bearing  and  oil 
system  rig  could  be  tested  to  determine  its  flight  performance  long  before  it  would 
normally  experience  such  conditions.  Finally,  the  prototype  engine  can  be  tested  while 
operating  to  determine  its  response  to  maneuver  forces  at  an  early  date  and  without 
risking  the  loss  of  an  aircraft  and  pilot.  When  used  in  conjunction  with  Accelerated 
Mission  Testing  (AMT' , TELS  can  reproduce  a lifetime  of  maneuvers  in  just  a few  days. 
Maneuver  loads  are  not  currently  simulated  in  AMT,  and  it  has  consequently  been  noted 
that  some  of  the  wear  patterns  and  component  longevity  differ  considerably  from  those 
observed  in  flight  engines.  For  engines  already  in  service,  TELS  can  provide  extremely 
valuable  diagnostic  data  to  detect  the  cause  of  existing  problems  and  help  effect  their 
solut  ion . 

CONCLUSION 


Current  trends  in  turbine  engine  development  point  to  future  engines  which  will 
operate  at  higher  thrust,  temperature  and  pressure  levels  with  corresponding  improvements 
in  aerodynamic,  thermodynamic  and  structural  efficiency.  Such  optimized  engines  will 
necessarily  be  light  anil  flexible  and  thereby  more  subject  to  internal  component  movement 
in  reaction  to  applied  loads.  At  the  same  time,  future  combat  aircraft  and  remotely 


_ 
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piloted  vehicles  will  be  highly  maneuverable,  capable  of  subjecting  an  engine  to  increased 
inertial  and  gyroscopic  forces.  To  reconcile  the  apparently  incompatible  trends  toward 
closer  operating  clearances,  more  flexible  engines  and  more  maneuverable  aircraft,  addi- 
tional information  must  be  obtained  to  allow  a more  complete  understanding  of  how  engines 
react  to  the  total  force  environment  they  see  in  flight.  Advanced  computational  techniques 
will  certainly  play  a vital  role  in  the  theoretical  analysis  and  development  of  future 
structural  design  concepts,  and  TELS  will  provide  the  empirical  data  to  validate  and 
improve  mathematical  models.  TELS  will  also  provide  experimental  verification  of  computer 
results  and  test  innovative  design  concepts.  TELS  will  be  uniquely  capable  of  providing 
the  required  data  as  well  as  enabling  the  engine  designer  to  attack  engine  deterioration 
and  life  cycle  performance  problems. 
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FIRST  FLIGHT 


o-  ROTATIONAL  VELOCITY  OF  ROTOR 
0 • YAW  RATE  OF  ACFT. 
r ■ DISTANCE  FROM  SHAFT  TO  CENTER 
OF  GYRATION 
M ■ MASS  OF  BLADE 
0 • ROTATIONAL  ANGLE  OF  BLADE 
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EXAMPlE: 

ASSUME  M • 5 # / g 0-3.5  rad/sec  u • 10,000  RPM  & r ■ 1.3FT. 

THEN  Fa  ■ 15)  (1047)  (3. 5)  (1. 3)  <±  11  - ± 740  # 

“max  

TYPICAL  CORRESPONDING  AERODYNAMIC  FORCE  ON  SAME  BLADE  * 475# 

NOTE; 

GYRO  FORCES  EXCEED  AERODYNAMIC  FORCES  BY  55* 

WHILE  ALL  OTHER  BLADE  FORCES  ARE  QUASI  STEADY -STATE.  GYRO  FORCE 
ARE  CYCLIC,  PUSHING  FORWARD-THEN  REARWARD-THEN  FORWARD 
AGAINST  THE  BLADE  IN  FULL  MAGNITUDE  ONCE  EACH  REVOLUTION. 


Fig.  1 - MILITARY  JET  ENGINE  PROGRESS  Fig.  2 - LOADS  ACTING  ON  INDIVIDUAL  BLADES 
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ORIGINAL  ENHANCED 


Fig.  5 - RADIOGRAPH  SHOWING  INTERNAL  LABYRINTH 
SEAL  ASSOCIATED  WITH  A MAIN  BEARING 
OF  A RUNNING  AERO-TURBINE  ENGINE 
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DISCUSSION 


J.D.McDonel,  US 

Will  there  be  capability  for  transient  testing  with  your  facility?  (Transient  structural  loads). 

Author's  Reply 

The  engine  mount  will  not  be  capable  of  slewing  fast  enough,  nor  will  the  centrifuge  change  rotation  rate  quickly 
enough  to  accurately  simulate  the  varying  turn  rates  and  inertial  loading  of  a transient  maneuver.  However,  since  a 
typical  maneuver  has  a duration  of  several  seconds,  and  the  engine  rotates  200  300  revolutions  each  second,  it  is 
highly  probable  that  the  “transient"  maneuver  appears  to  the  engine  to  be  a gradually  changing  steady  load. 
Therefore,  we  should  be  able  to  get  a fairly  accurate  view  of  a transient  maneuver  by  performing  steady  state  tests  at 
various  points  along  the  maneuver  trajectory.  Additionally,  calculations  have  shown  that  the  maneuver  onset  rate 
contributes  less  than  5%  of  the  overall  maneuver  load;  for  most  aircraft  maneuvers. 


D.Hedon,  France 

The  use  of  X-rays  needs  protective  devices  because  the  rays  used  are  very  strong.  How  can  you  cope  with  it  in  a 
rotating  assembly? 

Author’s  Reply 

The  location  of  the  facility  will  greatly  aid  us  in  the  protection  of  surrounding  property.  The  facility  will  be  located 
in  a fairly  remote  part  of  our  base,  and  we  also  have  a lead  shield  behind  the  primary  detector  that  will  stop  almost 
all  the  primary  beam,  and  all  we  would  have  to  worry  about  then  would  be  scatter  radiation  and  that  has  been 
adequately  accommodated  by  a safety  perimeter  around  the  facility. 
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I NT  EG  RITE  DES  REACTEURS  D'AVIUNS 
SOUS  IMPACTS  DE  CORPS  ETRANGERS 
par 

Dominique  HEDON  et  Jean  HARRERE 
Ingenieurs  d'Essais 

CENTRE  D’ESSAIS  DES  PROPULSEURS 
91406  ORSAY  FRANCE 


RFSUMF 


L'ingestion  de  corps  strangers  et  surtout  d'otseaux  reste  un  danger  majeur  pour  les  avions.  L'ameilo- 
ratlon  de  la  resistance  des  moteurs  lors  d'lmpacts  a ete  depuls  plusleurs  anndes  l'oblet  d'efforts  Importants  de  la  part 
des  eonstructeurs  en  accord  avec  les  services  officiels. 

C.F.Pr  s'est  dot£  d’une  installation  sp£cialls£e  dans  ce  type  d'essais.  L'exp£rience  acquise  lors 
des  essals  effectues  montre  que  le  souci  de  la  resistance  aux  impacts  dolt  falre  partle  de  la  conception  d'ensemble  des 
moteurs  et  peut  Influer  sur  l’archltecture  generale  des  projets  aussi  blen  que  sur  la  definition  des  details  internes  ou 
de  I'bablllage. 


INTRODUCTION 


Parmi  les  risques  courus  par  les  avions  , le  danger  de  collision  est  l'un  des  plus  difflciles  a contenir. 
Un  contrdle  etrolt  de  la  circulation  aerienne  a permis  de  maftriser  le  risque  de  collision  entre  a6ronefs. 
Mais  les  avions  ne  sont  pas  les  seuls  utilisateurs  de  l'espace  aerien  et  des  aerodromes.  Les  oiseaux 
et  les  phenomenes  meteorologiques  creent  une  menace  diffuse  et  difficile  a supprimer. 

L'effet  des  ingestions  sur  les  moteurs  , peu  important  pour  les  moteurs  a pistons  , est  devenu  un 
risque  majeur  pour  les  reacteurs.  Ce  risque  s'est  aggrave  progressivement  avec  le  developpement  des  moteurs  double 
flux  a grand  rapport  de  dilution  et  avec  l'augmentation  des  performances  : 

- augmentation  du  maftre  couple  de  l'entrfe  d'air  , 

- augmentation  des  vitesses  pfriphtriques  , 

- augmentation  du  taux  de  presston  , 

qul  conduisent  a une  augmentation  de  la  probability  d'ingestlon  et  a une  diminution  de  la  resistance. 


Dans  les  sites  urbanises  , les  aerodromes  represented  un  habitat  naturel  pour  les  oiseaux  : les 
surfaces  betonnees  restituent  de  la  chaleur  la  nult  , les  vastes  etendues  gazonnees  ou  les  cultures  effectuees  sur 
l'emprtse  des  terrains  procured  aux  oiseaux  , gfte  et  couvert. 

D'importantes  mesures  de  prevention  ont  ete  prises  sur  certains  aerodromes  pour  : 

- effrayer  les  colonies  d'oiseaux  , 

- rendre  le  milieu  moins  accueillant  , 

- orienter  les  oiseaux  vers  d'autres  zones. 

Cependant  , les  limltes  de  ce  type  d'actions  sod  assez  rapidement  rencontrees  , et  e'est  notamment  le  cas  : 

- sur  les  aerodromes  nouveaux  , 

- lorsqu'une  modification  d'environnement  repousse  les  oiseaux  vers  l'aerodrome  ( tempfite  ramenant 

les  mouettes  et  goelands  vers  la  terre  , creation  d'un  complexe  immobilier  sur  d'anciennes  zones 
d’accuell  , cultures  nouvelles  sur  1'emprise  d'un  terrain  . etc ), 

lorsque  le  peuplement  local  est  trop  important  pou^qu'une  action  ecologique  localisee  puisse  etre 
plelnement  efficace  , 

- lors  des  migrations  difflciles  a survelller,  ••<  • • 

- sur  les  aerodromes  recuies  ou  a faible  traflc  sur  lesquels  la  prevention  ne  dispose  pas  de  tous  les 
moyens  necessalres. 

Les  moteurs  doivent  done  supporter  aussi  blen  que  possible  les  collisions  : 

- pour  la  security  des  vols  : les  statistiques  montrent  que  le  point  le  plus  critique  est  l'ingestion 
d'oiseaux  au  decollage  , phase  du  vol  pendant  laquelle  la  vulnerability  des  moteurs  est  maximale, 
la  capacity  de  defense  de  l'avion  mtnimale  , et  la  motorisation  vitale  j 


■ pour  l'economie  d 'exploitation  : les  compagnles  exploitantes  peuvent  fatre  presslon  sur  les  const ruc- 
teurs  pour  que  les  dommages  par  corps  etrangers  aient  un  Impact  redult  sur  les  coQts  de  mainte- 


1.  LA  RFGLFMFNTATION 


Les  ryglements  actuellement  applicables  en  ce  qui  conceme  l'ingestion  sont  contenus  : 

- dans  la  FAR  - part  33.77  pour  les  Ftats  Unis  , 

- dans  le  JAR  - F ( Issu  du  BCAR  section  C chapltrc  C 3-4  paragraphes  20  et  21  ) pour  l'Furope. 


les  rapprocher. 


Des  differences  existent  encore  entre  ces  reglements  , et  (1  est  souhaltable  qu'un  effort  solt  fait  pour 


r 


r 
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la  reglementatlon  actuelle  assure  la  security  ties  vols  par  un  ensemble  de  verifications  qul  conduisent 
it  envlsagcr  trots  nlveaux  possibles  selon  : 

- la  probability  et  l’tmportance  des  Ingestions  , 

- la  phase  du  vol  pendant  laquelle  elles  sont  susceptlhles  d’lntervenlr  et  les  Hens  avec  la  security  du 
vol. 

1.1.  Kvenements  |»uvant  entraftter  la  defall  la  nee  complete  d'un  moteur 
Par  prlnctpe  , 11  B'aglt  d'evenements  ne  pouvant  affecter  qu'un  moteur  de  l'avlon  au  cours  d'un  mtme 

vol  : 

- Ingestion  d'olseau  lourd  ( 4 llvres  ) ( olseaux  ne  vlvant  pas  en  bandes  ) pendant  la  phase  de  mont6e  ; 

- autres  corps  etrangers  lourris  au  regime  maximum  admissible  par  le  moteur. 

Ces  6venement8  peuvent  entrafber  une  perte  de  poussee  complete  du  moteur  mats  ne  dolventjjas  jjlacer 
l'avlon  dans  une  situation  catastrophluue.  Cecl  exclut  notamment  : 

- la  projection  laterale  de  debris  pouvant  perforer  le  fuselage  , les  reservoirs  ou  des  elements  vitaux 
de  l'avlon.  La  retention  dolt  etre  assume  par  les  carters, 

- 1 'initiation  de  feux  que  les  moyens  de  lutte  Instalies  sur  l'avlon  ne  pourraient  martrlser  , 

- 1 'Introduction  d'efforts  ( couple  ou  vibrations  ) que  la  structure  de  supportage  du  moteur  ne  pourrait 
accepter  sans  rupture  , 

- tout  autre  consequence  pouvant  entrafticr  un  danger  : impossibilite  d'arreter  le  moteur  defaillant  , 

pollution  massive  du  svsteme  de  condltlonnement  d'air  , etc 

Ces  critdres  ne  peuvent  etre  verifies  que  par  un  cssal  en  vraie  grandeur  sur  un  moteur  complet.  Cet 
essal  est  partlculierement  onereux  It  cause  de  la  destruction  de  la  machine. 

D'autre  part  , les  modifications  que  cet  essal  peut  entralbcr  en  cours  de  developpcmcnt  peuvent  affecter 
des  parties  structurales  majeures  du  moteur  et  done  avoir  un  Impact  important  sur  le  coOt  du  developpement. 

NOTA:  La  demonstration  de  retention  d'une  aube  de  soufflante  , dont  les  consequences  sont  de  nature  voisine 

it  certains  cas  d'tngestlon  , peut  dans  certains  cas  rccouvrlr  ( parce  que  plus  severe  ) le  cas  d'ingestion  d'un  olseau 
louTd.Dans  ce  cas  un  seul  essal  sur  moteur  complet  peut  apporter  la  demonstration  de  satisfaction  des  deux  points  du 
reglement. 

1.2.  Fvenements  pouvant  affecter  tous  les  moteurB  de  l'avlon 
Le  plus  contraignant  est  l'lngestion  slmultanee  d'olseaux  par  tous  les  moteurs  de  l'avlon  dans  la  phase 

de  decollage. 

C'est  de  plus  , l'un  des  cas  les  plus  frequents  de  collision  entre  avlons  et  olseaux  , et  il  presente  un 
risque  majeur  pour  la  navigability. 

Ce  risque  est  couvert  dans  les  reglements  par  l'essai  d'ingestion  d'olseaux  moyens  ( Ingestion  de 
petite  olseaux  lorsque  ce  cas  est  plus  severe  ) de  700  g , le  moteur  etant  au  regime  de  decollage. 

A l'issue  de  l'lngestion  , le  fonctlonnement  des  moteurs  dolt  etre  tel  qu'lls  permettent  le  retour  au 

sol  de  l'avlon. 

Cecl  suppose  : 

- le  retour  raptde  it  des  performances  mlnlmales  acceptables  dans  la  phase  de  decollage.  Ces  perfor- 
mances devront  done  permettre  de  retrouver  la  poussee  dlsponible  sur  l'avlon  apres  la  defalllance 
complete  d'un  moteur  , 

La  poussee  ou  la  puissance  mini  male  seront  done  par  exemple  de  75  % des  performances  de  decollage 
pour  un  quadri moteur  ou  de  50  % pour  un  bl moteur. 

- La  possibility  de  manoeuvrer  le  moteur  et  de  fonctionner  it  regime  intermedtatre.  Les  transltoires 
rapldes  peuvent  cepcndant  etre  exclus  , le  pilote  ayant  pour  consigne  de  condutre  avec  deitcatessc 
les  moteurs  ayant  subl  de  tels  Incidents. 

- La  capacity  de  fonctionner  pendant  un  temps  correspondent  it  la  manoeuvre  de  retour  au  sol. 

Les  consequences  de  ces  exigences  de  fonctlonnement  sont  tr&s  Importantes  pour  la  conception  et  le 
dlmensionnement  des  moteurs. 
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1.3.  Fvlnoments  pouvant  dejneurer  Ignorls  de  I'lqulpage  ou  d'occurrenee  plus  fr&iuentc 

Entrent  dans  cette  catlgorie  : 

- l'lngestlon  de  grele  , 

- l'lngestlon  de  pluie  avec  deux  aspects  : 

l)  l'lngestlon  de  pluie  A forte  puissance  ( dicollage  ) pouvant  affecter  notamment  les  marges  au 
pom  page  , 

II)  l'lngestlon  de  pluie  A falble  puissance  pouvant  eondulre  A l'extinctlon  des  moteurs. 

- l'lngestlon  de  sable  et  gravler.  Ce  demler  point  ne  figure  que  dans  certains  rtglements,  car  II 

concent  molns  la  navlgabillte  due  la  malntenabllltl  ( l'lroston  des  a ullages  concerne  en  prioritl 

les  coots  d 'exploitation  j la  contamination  des  circuits  eat  couverte  par  allleurs  dans  les  rtglements). 

Les  consequences  fonctlonnelles  dolvent  Itre  faibles  et  les  degradations  eventuelles  ne  doivent  |>as 
entrafher  de  danger  avant  leur  detection  par  I’utlllsateur  ( Inspection  . maintenance  ). 

Ce  type  d'tncldent  Itabllt  une  frontllre  entre  les  critlres  de  navlgabillte  ( que  seuls  conslderent  les 
rtglementatlons  ) et  les  contralntes  d'economte  de  maintenance. 

Les  contralntes  lmposles  dans  ce  domalne  par  les  exploltants  devlennent  plus  contralgnantes  que  les 
exigences  mlnlmales  de  aleurite. 

1.4.  Evolution  des  rtglements  de  navlgabillte 

Les  rtglements  de  navlgabillte  correspondant  aux  Ingestions  sont  ties  rlcents  sous  leur  forme  actuelle. 
Fn  effet  , les  rtglements  europHns  sont  en  vlgueur  depuls  le  debut  des  annles  70  et  le  rlglement  FAR  depulB 
1974.  Les  rtglements  appllcables  aux  versions  derlvles  de  moteurs  dlJA  certifies  sont  ceux  qul  correspondent  au 
moteur  origlne(pour  Ivlter  une  procedure  de  certification  complete  pour  chnque  version  dlrivle  ). 

Aussl  trts  peu  de  moteurs  aujourdtiut  en  exploitation  ont-lls  satlsfalt  rtgoureusement  leg  entires  de 
navlgabillte  contenus  dans  les  rtglementations  dlsormals  appllcables. 

Certains  organlsmes  recommandent  une  augmentation  de  alvlrltl  des  rtglements  dans  ce  domalne. 
Avant  une  evolution  dans  ce  sens  des  crltlres  de  navlgabillte  . II  semble  ralsonnablc  d'attendre  que  les  entires  actuels 
atent  etl  appliques  rtgoureusement  et  que  l'explrlence  en  vol  alt  conflrml  la  nlcessite  de  leur  evolution. 

L'appllcatlon  des  rtglements  actuels  sur  ce  plan  pourralt  cependant  Itre  Imposle  aux  moteurs  dlrlvls 
( sous  forme  de  conditions  splclales  ) lorsque  revolution  est  Importante  par  rapport  au  moteur  origlne  ou  lorsque 
celul-cl  n'a  pas  satlsfalt  rtgoureusement  les  entires  actuels. 

Une  harmonisation  des  rtglements  actuels  seralt  souhaltable  A court  terme.  File  slmpllfleralt  les 
Ichanges  nombreux  ( certifications  pour  importations  . certifications  conjolntes  ) entre  les  services  offlclels  de  navl- 
gablltte.  File  seralt  la  demonstration  d'une  coherence  accrue  , tous  les  moteurs  respectant  alorsdes  critlres  Iden- 
tlques. 

2.  EVOLUTION  DES  MOYFNS  D'  FSSA1S  - PRESENTATION  DU  BANC  TX  DUC.E.Pr. 

Le  C.E.Pr  s'est  dote  en  1973  d'une  nouvelle  installation  specialises  dans  les  essals  d'lngestlon.  La 
conception  et  l'uttllsatlon  de  cet  Iqulpement  sont  Ills  aux  contralntes  propres  A ce  type  d'essals  splclaux  : 

I)  Utilisation  discontinue  de  l'lnstallatlon  ; ce  qul  suppose  : 

- la  reduction  au  maximum  des  lnvestlssements  immobillsls  , 

- un  Iqulpement  simple  et  facile  A entretenlr. 

II  ) Coflt  llevl  du  materiel  en  essal  ; done  : 

- moyena  de  mesure  et  de  diagnostic  assurant  le  blneflce  maximum  des  essals  , 

- (lablllte  des  installations  d'essai  et  de  mesure. 

Ill  ) Dlversltl  des  essals  , ce  qul  nlcessite  des  posslbllltls  d'adaptatlon  raplde.  Ijt  definition  retenue 

est  un  compromls  entre  ces  exigences  contradlctolres. 

2.1.  Description  glnlrale  et  utilisation 


II  s'aglt  d'une  alre  betonnle  ( 55  m x 25  m ) avec  trots  rones  principals  : 
I)  Une  zone  abrttle  pour  le  ttr  sur  clbles  fixes  ou  sur  petits  moteur  , 

11)  Une  zone  de  tlr  sur  moteurs  en  pleln  air 
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lit)  Une  cablne  do  contrdle  commune  aux  doux  r.onos  d'essai. 

1,08  servitudes  sont  distributes  ft  partlrde  la  cablne  do  oontrfle  aux  doux  alros  d'essai. 

a)  Utilisation  do  l'alre  do  Ur  sur  olble  fixe 

11  s'aglt  ossontlollomont  d'oasals  d'fvaluatlon  do  composants  ot  d'flfments  d 'htl Icoptt res  : 

- Tlrs  sur  pla<|uos  : tvaluatlon  dos  cnpacltfs  do  rftontlon  do  matfrlaux  |uur  carters  , dos  carac- 

tfrlstiqucs  de  fragmentation  do  matfrlaux  |x>ur  aubages. 

- Tlrs  do  morcoaux  do  dlsquos  sur  fitments  do  carters. 

- Tlrs  sur  aubages  fixes.  Ulen  quo  non  totalement  roprtsentatlfa  ( absence  do  champ  centrifuge  ) , 
lls  permettent  ft  coOt  rtdult  une  premltro  tvaluatlon  dos  aubages  ( ftudo  do  la  fragmentation  ). 

- Tlrs  sur  grilles  : prlnclpalemont  ontrtos  d'alr  d'hfllcopttros  ( grflons  , olseaux  mo  yens  , olseaux 

lourds  ). 

- Tlrs  sur  fitments  d'hfllcopttros  : vorrlfros  , bonl  d'atta<|ue  de  rotors  et  autres  fitments 
sonstblos  , aurtout  pour  la  rtalstanco  ft  la  grtle. 

b)  Utilisation  de  l'alre  de  tlr  sur  motours 

Cette  rone  d'ossnl  a ftf  mlso  on  service  on  l 97ft.  Y ont  ftf  notamment  effeclufs  les  essals  suivants  : 

1975  : - Olseaux  moyons  ( tvaluatlon  , deux  tlrs  do  doux  olseaux  de  700  g ). 

- Barreaux  do  glace  ( tvaluatlon  ). 

1970  : - Grflons  ( certification  ) 

- Olseaux  moyons  ( certification  ) 

1977  : - Grflons  ( certification  ) : 25  grflons  i 25mm  et  25  grflons  (f  50mm  en  une  volte, 

1978  : - Olseaux  moyons  ( certification  ) : 7 olseaux  de  700  g on  une  rafale. 

- Rftontlon  d'une  aube  Fan  ( certification  ) 

- Olseau  lourd  ( deux  tlrs  d'un  olseau  de  1800  g ). 

2.2.  Caractfristlques  dos  canons  uttllsfs 

l,es  canons  sont  tous  rtallsts  scion  le  nitme  prinolpe  , partlculttromont  fconomlque  ot  flable. 

- Tube  actor  standard  sans  uslnage  sptclal. 

- Culasso  ft  rnccordoment  raplde. 

- Rfsorvolr  d'alr  comprtmf  nvoc  obturateur  souple  dfohlrf  pour  le  tlr  par  1'tclatement  d’un  dttona- 
teur  pyrotechnlquo. 

t-eurs  prlnclpales  cnrnctf rlstlques  sont  les  suivnntcs  : 


Typo  de  canon 

txmgueur 

Dlnmttre 

Vitesse 

Masse 

projectile 

Male  de  propulsion 

Grflons 

7 m 

25  mm 

30  300 

m/s 

20  40  R 

A t r comprt  mt 

bourn'  polystyrene 

Grflons  ou  pet  It  s 
olseaux 

7 m 

50  mm 

30  ft  300 

m/s 

R0  ft  120  g 

Air  comprlmf 
bourre  polystyrtno 

Barron u de  glace 

1,5  m 

rn  Inure 

^ 40  m /s 

800  g 

Air  comprlmf 

Olseau  moyen 

7 m 

100  mm 

15  ft  200 

m/s 

700  g 

Air  comprlmf 
bourre  polystyrtno  avec 
svsttme  d'arrtt. 

* 

Oiflonu  lourd 

12  m 

( modulaire 
fi  x 2 m ) 

170  mm 

30  ft  400 

m/s 

2000  g 



Alrconiprimf  - container 
ncler  et  polystyrtno  avec 
disposittf  d'arrtt. 

a I,es  performances  de  co  canon  permettent  des  vltcssos  do  tlr  simulant  la  vltosae  relative  entre  les 
ob)ots  Ingtrfs  et  les  aubages  eux-mtmeg  pour  des  projectiles  lusqu'A  2000  g. 
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2.3.  Car*ct4rl«(itiue*  gAnArale*  de  I'lnatnllatlon  de  meaure  ft  de  cunt  role 

Seul*  aont  fixe*  certain*  Aqulpcment*  apAcIflque*  it  la  conduit  e tie*  lira,  Lea  tnatrumenta  tic  meaure 
ct  d ‘analyse  aont  modulatrea  et  amovlblea  |H>ur  factllter  I'adaptnhllltA  ct  tllmlnuer  lc  codt  itea  matArtel*  lmmobll!»A». 

at  Nlcau re*  cU**lijuc»  CapacItA  ite  360  tneaurea  avec  acquisition  et  trattement  par  onilnateur. 

t>t  Knulpcment  d’lngeatlon  - Command*  ilea  servitude*  ( Octal  mite  haute  IntensItA  . ayatAmra  photographliiuc*  . 

•Aquenoement  itca  canon*  I par  un  progrnmniatriir  «V(utnO  d'un  ayatOme  d'lnterdtctton  tie  tlr  dan*  le  caa  de 
condition*  dAfavorahle*  , |iar  example  : 

- paraniAtre*  de  fonctlonneinent  du  moteur  hora  ot>|ccttr  , 

- dAfalllance  dc*  ayatOmea  de  meaure  . d'enregtat  rement  ou  de  prlaea  de  vue*  , 

- Interdiction  comm*  ml  Ae  (air  I*  re*i«m**lde  d'eaaal. 

c>  Meaim’a  en  Iranaltoln’.  (’'eat  on  ilea  iMAment*  de  diagnostic  Important*  |*>ur  ce  type  d'eaaala.  I. 'analyse 
dea  parnmAtre*  eat  (alt  it  une  cadence  qul  dApend  dea  AvAnement*  ae  produtaant  en  oour*  d'eaaal  : 

- cadence  (100  Hr) pour  le*  phAnouiAne*  bnitaux  ( tranaltolre  d'tngcatlon  , pom  page  , etc. . . ), 

- cadence  moyenne  ( 10  111  t pour  lea  tranaltolre*  norniaux  ( acoAIAmtton*  , coupure  , etc.  . ..)  , 

- cadence  lente  < 0. 1 Hr  I |»>ur  revolution  dea  |iaramAtre«  en  endurance  aprA*  tlr. 

I 'aci|Utaltton  de*  paramAtre*  ( |uai|ii'it  50  t eat  falte  aur  liandea  magnet  lipiea  avec  code  ho  rat  re 
comtmin.  Ce*  meaure*  aont  extraltea  en  temp*  dlffArA  t«ir  un  onilnateur  6 une  cadence  cholale  en  function  de*  phAtin- 
mAne*  it  analvaer, 

l*a  r cette  technluue  , de*  paramAtre*  calculA*  et  dea  meaure*  lixtlvtduellea  peuvent  At  re  ohtenua  avec 
une  cadence  d'Achantlllonnage  cholale  it  poaterlorl. 

ill  Meaure*  de  contratntea  et  vlhrattona 

I'ea  meaure*  aont  eaaentlellea  pour  I’analvae  de  I'eaaat  et  de  la  m0canli|ue  dea  rupture*  Aventuelle*. 

la  capacity  de  meaure  eat  de  150  vole*  . i>ar  unite*  modutatrex  de  10  vole*,  la  ipiantttA  de  matArtel 
InstallA  eat  adapt  Ac  en  function  dea  heaolna  apAclftque*  de  chat|iie  eaaal. 

el  Knulpement  de  visualisation 

It  VldAo  5 vole*  avec  enrcglst  rement  aur  magtiAtoacopea, 

tit  Photographic,  I'n  Arbitrage  haute  tntenaltA  ( puissance  45  k\V  ) permet  In  prtae  de  vuea  mpUlea 
pendant  le*  tlra  s 

- 3 camAraa  trAs  haute  vlteaae  ( 5000  it  5000  I mane*  a 1 

- 5 camAraa  mplde*  ( 300  it  1000  Image*  '»  ) 

- 2 camAraa  " temp*  rAel  " ( 04  Image*  '»  t 

- 2 appnrella  photogrnpliliniea  ( 5 Image*/*  1 

Ce*  Aqutpementa  permettent  de  vtalonner  le*  tlr*  et  d'an*ly»er  I'onlre  et  le  iiiAcaiilaiue  de*  illffArente* 
degradation*  , la  nature  et  le  dAveloppemrnt  de*  feux  Aventuel*  . la  rupture  d'aceeaaotre*  ou  d'AIAment*  d'hahlllage  , 
le*  ftdte*  , etc. . . . 

3.  KVOI.ITION  !>K  M CONCKPTION  OKS  MCTKUHS  POl'H  l.'A MK  1.IOHATION 

Pt  COMPORTKMKNT  AUX  INC.KSTIONS 

t.'amAlloratlon  du  oomportement  d'un  moteur  aux  Ingeatlon*  peuUStfd  extrAmement  difficile  *t  an 
conception  Initiate  ne  a'y  prAte  pa*.  la  aatlafactlon  de*  crltAre*  ( n'glementalre*  et  o|iAr*t tunnel*  t de  rA»l»t*nce  aux 
Impact*  de  eorp*  Atranger*  ne  i*’ut  done  pa*  At  re  une  Nlmple  vArlflcatlon  cffectuAe  aur  un  matArlel  eonqu  unlquement 
pour  le*  performances,  Kile  dolt  At  re  an  oontralre  le  rAaultat  d'une  approche  glohale  it  tou*  le*  atade*  de  l'Alaboratlon 
d'un  projet,  pouvant  Influencer  de*  option*  fondamentale*. 

Nou*  voudrlon*  Icl  dAgager  le*  llgne*  gAnArale*  d'une  telle  approche  . »ur  le  plan  de  In  conception 
d'aborri  , de*  prlncl(ie»  de  geatlon  du  programme  de  dAvelo|i|)ement  enaulte. 

3.1.  Conception  gAnArale 

la  rAiluctlon  du  bruit  Amt*  par  le*  rAacteur*  fait  detail*  pluateur*  annAe*  partle  de*  objectlf*  de  ba»e 
de  ('architecture  gAnArale  de*  moteur*.  Con»ldArAe»  comme  priori tal re*  , le*  option*  correspondant  it  la  lutte  centre 
le  bruit  ont  AtA  applti|uAoa  extenalvement  mAme  *1  elle*  n'Atatent  tat*  »ouhaltAe»  par  le*  aArodynxmtctena  ( e»t»icement 
entre  soufflante  et  redre»aeur  , cholx  du  no  mb  re  d'aubea  \iar  exemple  t ou  »l  elle*  Influalent  aur  le  potda  ( revAtement* 
ncou*tli|uea 

le*  moyena  d'Attale*  et  de  recherche*  ml*  en  oeuvre  pour  cette  rAduetlon  aont  conatdArable*  et  II  eat 
exclu  qu 'une  option  aolt  examlnAe  avec  IntArAt  *1  elle  apporte  une  pAnalltA  aur  le  plan  ihi  bruit  Amt*. 

Une  telle  attitude  n'a  pa*  encore  AtA  adoptAe  pour  la  rA»! stance  aux  Ingeatlon*  et  pourratt  probablement 
comlulre  it  de*  progrA*  conatdArable*,  Influnnt  de  faqon  aen*lble  aur  le*  codt*  d'exploltatton. 
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Sur  Ira  molrura  iloublr  flux  A grand  taux  dr  dilution  par  exrmplr  , la  aoufflamr  prut  Jouer  (iour  lr 
corur  du  moteu r lr  rrtlr  dr  system*  d'auto-protectlon  ( centrifugation  - dlvlalon  ).  Pour  que  cr  rdle  aolt  efTIcacr  , la 
poaltlon  rrlatlvr  dra  element*  dolt  etrr  adapter  rn  consequence  , et  II  s’aglt  d'optlona  d'arohltrcture  dr  base. 

l.'rxploratlon  dr  prtnclpes  dr  conception  general*  augment  ant  la  resistance  aux  Ingestions  rt  llmltant 
Ira  cotit*  dr  repa ration  pourralt  corrraponilrr  A unr  (Volution  dr  P6qulllbn>  coat  - performance  - polda.  Ira  explol- 
tanta  arralrnt  peut  etrr  Ira  prrmlrra  A acceptor  dra  prrformancra  tnolna  brlllantra  a'Ua  trouvalrnt  dra  avantagea 
correspondant  aur  Ira  cotlta  dr  maintrnancr  rt  aur  la  aeourlte.  l.ra  methodra  d'analyar  dr  la  valrur  pourralrnt 
trouvrr  1A  un  champ  d'appllcatlon  prlvlllgie. 

3.2.  Prlnclpaux  elements  concrmfa  par  Ira  Ingestions 

Noua  trnona  let  , I'rxrmplr  dr  motrura  double  flux  A taux  dr  dilution  eleve  rt  n'avona  |«is  l'ambltlon 
dr  proposer  pour  chacun  vies  Momenta  concerne*  dra  aolutiona  permettant  dr  resoudre  toua  lea  problfemea  d'lniegrlte. 
C'rt  rxamrn  a aurtout  pour  but  dr  aoullgner  lr  no  mb  re  dra  partlra  critiques  rt  ('Importance  d'unr  approchr  global*  dana 
laquelle  la  resistance  aux  Ingestions  rat  unr  preoccupation  permanent*. 

al  Vrlnr  seconds!  re 


TABQ'Al'  I 


Elements 

Nature  dra  defauta  lies  aux 

Ingestions 

Nature  dr  Faction  A la 
conception 

Aube*  dr  aoufflantr 

Rupture  - Comportement  rn 
flexion. 

Fragmentation  ( claalllrmrnt  I. 
Propagation  dra  defauta  ( vibra- 
tions ). 

Vitesse  perlpherlqur. 

Dessln  dra  nageolrea  Intrr-aubea  ou 
dra  talons  ( unr  poaslbtllte  dr  chevauche- 
mrnt  evltr  unr  trop  grande  rlgldite  locale 
rt  permet  ('absorption  d'energlr. 

Materlau  - epataseur  du  profll. 

Absence  dr  flutter  - frequences  proprrs 
avec  rt  sans  chevauchement. 

Abradable  dr 
aoufflantr. 

Contnct  ou  Interaction  aver 
lr  carter  dana  lea  caa  dr 
balourd  maximal. 

Fpalaseur  - Cholx  du  materlau. 

I’One  dr  nr*. 

Civ  rage  - Accumulation  dr 
glace  Ingerer  rnauttr.  . 

Rupture  sous  Impact. 

peglvragr  - Forme  permettant  la  centri- 
fugation precocr  dr  la  glace. 

Fpalsseur  - Cholx  du  materlau. 

Carter  dr 
aoufflantr. 

Perforations 

Vibrations. 

Materlau  A grand  allongement  A rupture  - 
Fpalsaeura. 

Modes  vlbratolres  nr  dev  ant  pas  etrr 
excites  i«r  lea  contacts  dra  aubages  aur 
lea  abradablea. 



Pour  la  vrlnr  secondalre  ( tableau  I ) la  zone  critique  pour  1 'Iteration  d'oiaeaux  eat  la  partlr 
pdrlpherlqur  dr  la  aoufflantr  A oauar  dr  la  falble  epslsaeur  relative  drs  profile  rt  dr  1'lmportance  dra  vltesses 
relatlvra. 

bl  Vrlnr  prlmslre  TABLEAU  11 


Elements 

Nature  drs  defauta  lie*  aux 
tnge8tlona 

Nature  de  Faction  A la 
conception 

Carters 

Compreaarurs 

Perforstlon. 

Fpalsseur  au  droit  dra  aubages 

Abradablea 

Feu  Tjtane  par  contact  tltaneAltanr 
Combustion  ou  explosion  dra 
abradablea. 

Clolson  antl-feu 

Profondeurs  compatibles  avec  lr  balourd 
maximal  et  lea  excursions  longitudinalea 
maxi  males. 

Materlau  non  combustible. 

Aubra  mobiles 

Fragmentation 

Not%  : la  fragmentation  eat  un 
facteur  ma|eur  dr  degradations 
secondalres  en  aval. 

Contact  avec  redressrura. 

Fpalaaeur  du  profll  - Materlau. 

Marges  au 
pompage. 

Froalon  des  abradablea  chute  dr 
rendement. 

Degradation  drs  marges  au  pompujq 
Marges  au  pompage  lors  d'lngestlon 
de  pluls. 

Marge  au  pompage  aufflsante  pour  toierrr 
lea  erosions  maxlmalea  et  lea  degradations 
de  proflla. 

TABLEAU  n ( suite  ) 


Elements 

Nature  des  defauts  lies  aux 

Ingestions 

Nature  de  faction  a la 
conception 

Ichambre  de 
combustion 

Perforation  ou  rupture  de  la  tete. 

! Extinction  lors  d'ingestlon  de  plule  au 
ralentl. 

Epalsseur  et  forme  deB  parols  { l’effet 
des  Ingestions  dlmlnue  avec  le  taux  de 
presslon  et  le  nombre  d'etages  de  com- 
pression). 

Marges  de  fonctionnement  au  ralentl  et 
en  deceleration. 

La  degradation  de  la  velne  prlmalre  ( tableau  n ) eat  une  dea  causes  principals  de  la  balsse  de 
performances  ou  de  l'lmposslblllte  de  fonctionnement  apr£s  Ingestion.  De  plus  des  defauts  de  faible  ampleur  peuvent 
entrafher  des  ddgats  secondaires  considerables  affectant  le  fonctionnement  ulterteur  et  grevant  les  coats  de  reparation. 

Ld  velne  prlmalre  est  done  un  des  points  essentiels  d'actlon  pour  1 'amelioration  de  la  resistance  aux 
ingestions  ; la  prevention  des  Ingestions  ( centrifugation  , division  des  masses  , etc.  . .)  est  une  des  clefs  de  cette  action. 

c)  Ensembles  tournants  et  structures 

TABLEAU  in 


Fiements 

Nature  des  defauts  lies  aux 
ingestions 

Nature  de  faction  4 la 
conception 

Liaisons  d 'en- 
sembles tournants 

A rbres. 

Vrlllages  - Clsalllement  des  liaisons 
lors  de  chocs  en  rotation. 

Dlmenslonnement 

Reducteur 
( eventuel  ) 

Clsalllement  des  dents  de  ptgnons 

Dlmenslonnement 

Supports  de  palters 

Excentricite  avec  balourd 

Ajustement  de  la  souplesse  de  la  struc- 
ture Interne.  Cholx  des  frequences 
propres. 

Supports  moteur 

Deformation  - rupture 

Dlmenslonnement  pour  balourd  maximal. 
Etude  du  comportement  dynamlque  dans 
la  gamme  des  frequences  d 'excitation. 
Dlmenslonnement  au  couple  de  decelera- 
tion maximale  ( cas  du  blocage  ). 

d)  Hablllage  et  equlpements 


TABLEAU  IV 


Elements 

Nature  des  defauts  lies  aux 

Ingestions 

Nature  de  1'actlon  A la 
conception 

Tous  accessolres 

Rupture  de  supportage 

Resistance  a des  niveaux  vlbratcires  tr6s 
eieyjs  , qualite  du  f reinage  des  liaisons. 
Absence  de  mode  vibratolre  dans  la  gam- 
me des  fr6auences  d'excltatlon. 

Tuyautages 

Rupture  en  vibrations 

Absence  de  modes  vibratoires  dans  la 
gamme  des  frequences  d'excltatlon. 
Utilisation  de  tuyautertes  souples. 
Dlsoosltlfs  absoibant  l'dnergle  vibratolre. 

Bofte  support 
d'accessolres. 

Ruptures  de  supportage 

Dlmenslonnement  des  supportages. 
Posslblllte  de  deplacements  relatifs  des 
elements. 

Dl8posltlfs  d'absorption  d'energle. 

La  defalllance  d'accessolres  ( tableau  fV  ) apparemment  mlneurs  peut  condulre  a des  pannes  majeures 
( defalllance  de  regulation  ou  de  lubrlficatlon  par  exemple  ) ou  causer  des  fultes  et  des  rlsques  d'lncendles. 

Equlpements  , accessolres  et  tuyautages  dolvent  done  des  leur  definition  Initiate  fatre  l'objet  d'un  soucl 
du  detail  sufflsant  pour  qu'une  piece  mlneure  de  supportage  ou  de  chemlnement  malheureux  ne  vlenne  pas  affecter  les 
rdsultats  obtenus  par  allleurs. 
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3.3.  Gestlon  <lu  programme  de  developpement 

SI  leg  eggg|g  de  certification  d'un  moteur  nouveau  ont  lieu  lorsque  le  programme  de  developpement  est 
ext r* merit  avance  : 

- la  conception  et  (’architecture  generates  gont  flgfea  depute  longtemps  . 

- la  definition  de  detail  du  type  de  moteur  est  fixee  , 

- le  constructeur  recherche  une  certification  aussl  rapide  que  possible  , 

- toute  modification  peut  remettre  en  cause  les  resultats  d'autres  essais. 

Dans  ces  conditions  , si  le  moteur  essaye  ne  satisfalt  pas  les  criteres  r6glementaires  , les  difficultes 
peuvent  etre  considf  rabies  : 

- les  modifications  touchant  des  pieces  majeures  du  moteur  sont  evltees  au  maximum  car  elles  risquent 
de  causer  au  programme  de  developpement  des  coOts  et  des  deiais  suppiementalres  excessifs. 

- la  satisfaction  des  criteres  de  navlgabllite  est  alors  recherchee  dans  un  contexte  etrott  influant  au 
minimum  sur  le  codt  du  programme  et  si  possible  ne  remettant  pas  en  cause  d'autres  etapes  de  la  certification. 

Cette  approche  rend  quasiment  Impossibles  les  ameliorations  qui  perturbent  le  deroulemait  du  program- 
me et  elle  Umlte  par  IS  m<*me  les  possibilites  de  progr^s. 

Une  approche  globale  et  coherent?  pendant  toute  la  dur6e  d'un  programme  est  done  nfeessaire  S l'obten- 
tlon  de  resultats  quant  S l'ameiioratlon  de  la  resistance  aux  ingestions. 

3.3.1.  Etudes  d'amont 

Bien  que  ne  falsant  pas  partie  du  programme  de  developpement  lul-meme  , elles  sont  indispensables  et 
conditionnent  le  resultat.  Parmi  celles  qui  nous  semblent  les  plus  importantes  , nous  citerons  : 

- 1' etude  des  criteres  d 'architecture  generale  permettant  d'accrortre  la  resistance  aux  ingestions  . 

- 1 'etude  des  materiaux  pouvant  etre  envisages  dans  le  futur  pour  leur  influence  sur  l'integrite  , 

- l'etude  des  conceptions  ou  des  dtsposttlfs  susceptibles  de  proteger  les  moteurs  ou  leurs  parties  les 

plus  senslbles. 


Ces  etudes  d'amont  devraient  etre  poursuivles  suffisamment  loin  ( essai  au  banc  partiel  d'ingestion  ou 
meme  essai  sur  demonstrateur  ) pour  donner  un  ensemble  de  solutions  directcment  exploitables  dans  tous  les  avant  - 
projets. 

3.3.2.  Phase  initlale  du  programme  de  developpement 

C'est  la  periode  pendant  laquelle  les  actions  pour  1 'amelioration  de  la  resistance  aux  ingestions  pourront 
etre  menees  avec  le  plus  d'efficaclte. 

Cette  periode  est  la  partie  du  programme  de  developpement  pendant  laquelle  des  modifications  majeures 
( definition  de  pieces  critiques  . definition  de  structures  ) ne  touchant  pas  a la  conception  generale  du  moteur  peuvent  etre 
Introduites  sans  influer  de  fa<^>n  notable  sur  la  duree  globale  et  le  coQt. 

Le  principe  essentlel  est  l'obtentlon  des  assurances  techniques  concemant  le  futur  respect  des  criteres 
de  resistance  aux  ingestions  d&s  que  possible  au  cours  du  programme. 

En  effet  , le  coOt  et  1 'augmentation  de  masse  dus  ;1  l'introduction  de  modifications  art  croissits  au  lir  et 
A mesure  de  1'avancement  du  programme.  Quasl-nuls  sur  la  planche  & dessin  , ils  deviennent  considerables  lorsque  les 
etapes  de  certifications  soot  entamees  et  augmentent  encore  lorsque  le  materiel  est  en  service. 

a)  Essais  partlels  sur  aubages  fixes 

Ces  essais  ne  sont  pas  entldrement  representatifs  ( absence  de  champ  centrifuge  ).  Cependant  ils  ont 
1'avantage  d'etre  peu  coflteux  , tr?s  rapides  a mettre  en  oeuvre  et  de  permettre  ainsi  une  premiere  evaluation  (surtout 
au  plan  de  la  fragmentation  ). 

b)  Essais  d'evaluatlon  en  fosse 

Leg  tirs  sur  rotor  complet  ou  partiel  en  fosse  compietent  les  resultats  precedants.  Ils  permettent  d eva— 
luer  une  definition  initiate  ou  des  modifications  avant  meme  qu'elles  aient  pu  etre  essayees  sur  moteur. 

Intervenant  trts  tot  dans  le  programme  de  developpement  , ces  essais  vont  donner  une  partie  des  garan- 
ties  techniques  necessalres  au  deroulement  sans  risques  du  programme  de  certification.  Les  modifications  qui  appa- 
raBront  pourront  etre  etudiees  et  evaluees  avec  un  delal  suffisant  pour  permettre  de  les  optlmiser  et  de  limiter  leur 
impact  sur  la  masse  et  ies  performances. 
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cl  Evaluation  sur  moteur  complet 

Les  essais  en  fosse  permettent  d'etudier  et  d'evalucr  les  ameliorations  de  composants  ( premiers 
etages  de  rotor  1 mais  ne  simulent  pas  tous  les  phenomenes  possibles  lors  d'ingostlons  , ce  que  seuls  des  essais  sur 
moteur  complet  peuvent  faire.  LA  encore  , les  essais  offlciels  vfrlfiant  les  critires  de  navigability  Interviennent  trAs 
tard  dans  le  programme  et  font  eourlr  un  risque  important  A son  deroulement. 

Ce  risque  est  considerablement  redult  si  des  essais  d'evaluatlo.,  ont  pu  avoir  lieu  sufflsamment  A 
1'avance.  Ces  essais  auront  permis  de  verifier  la  representativite  des  essais  en  fosse  , d'etudler  le  comportement  des 
parties  qul  ne  peuvent  etre  evaluees  aubanc  partiel  , ie  mettre  en  evidence  les  eventuels  problemes  d'integratlon  , les 
dommages  secondalres  et  de  voir  le  comportement  des  accessoires  dans  des  conditions  representatives. 

Ces  acquisitions  sont  inestimables  pour  la  security  qu'elles  procurent  ensuite  lors  de  la  fin  du  program- 
me. Leur  prix  est  celul  d'un  des  premiers  prototypes  disponiblcs. 

3.3.3.  Fssa is  de  certification 

Si  les  etapes  precedentes  ont  ete  menees  A blen  , les  essais  de  certification  devraient  avoir  surtout  un 
caractere  de  verification  ou  de  demonstration. 

Fn  reality  , detenlr  une  certitude  absolue  sur  le  resultat  de  ce  type  d'essais  est  extremement  difficile 
et  des  dispersions  assez  tmportantes  ( dues  essentiellement  aux  dommages  secondalres  ou  aux  accessoires  ) peuvent 
etre  rencontrees  entre  deux  essais  volsins. 

Aussi  les  essais  d'ingestion  pour  la  certification  dolvent  etre  effectues  aussitdt  que  possible.  Le  risque 
qu'ils  comportent  en  sera  attenue  et  les  modifications  intervenant  A la  fin  du  programme  seront  evitees. 

Les  economies  realisees  alors  dolvent  compenser  largement  l’effort  necessaire  pendant  la  premiere 
partie  du  programme  de  dyveloppement. 

3.4.  Conclusions  sur  la  conception  et  le  dyveloppement 

lrne  approche  systematique  des  movens  de  reduction  de  la  sensibility  des  reacteurs  aux  Ingestions 
suppose  une  attitude  adaptee  de  la  part  des  const ructeurs. 

Cette  attitude  conduit  A accoTdeT  une  place  privliegiee  aux  ob)ectifs  d'lntegrite  dans  les  etudes  d'amont 
et  dans  la  conduite  des  programmes.  Cependant  , cette  attitude  n'est  pas  seulement  une  source  de  coflts  suppldmentaires  ; 
elle  apporte  une  reduction  importante  des  risques  technologiques  en  cours  de  dyveloppement  et  peut  constituer  un  argu- 
ment commercial  , les  exploltants  etant  particulierement  sensibilises  par  les  coQts  de  maintenance  et  de  reparation. 

4.  CONCLUSIONS 

L'ameiioratlon  de  la  resistance  des  turbomachines  aux  ingestions  est  un  des  facteurs  de  1 'augmentation 
de  la  security  des  vols. 

Les  motoristes  ont  accru  leurs  efforts  dans  ce  domaine  et  tls  disposent  des  moyens  devaluation  et 
d'essais  ndcessaires.  Les  directions  pryferentielles  de  la  poursuite  de  ces  efforts  nous  semblent  etre  : 

- l'etude  des  conceptions  d 'architecture  generale  diminuant  la  sensibility  aux  ingestions,  notamment  en 
prevenant  l'entree  des  corps  etrangers  dans  le  generateur  de  gaz  , 

- le  souct  du  detail  pour  Uhablllage  et  les  accessoires  , s,0 

- une  gestlon  appropriee  des  programmes  de  dyveloppement. 

La  poursuite  de  cet  effort  est  Imposee  par  les  contratntes  des  rtglements  de  navigability  et  par  la  pres- 
slon  des  exploitants  qul  recherchent  une  reduction  des  coflts  de  reparation  et  de  maintenance. 

Une  gestion  de  dyveloppement  tenant  compte  de  ces  contraintes  doit  permettre  de  redutre  le  risque  ( en 
coflts  de  dyveloppement  et  en  deists  ) que  represented  les  ypreuves  officielles  et  foumir  un  argument  commercial  utile. 

Les  rtglements  de  navigability  actuels  sont  sufflsamment  exigeants  et  precis  pour  tmposer  une  attitude 
de  ce  type  chez  les  constructeurs.  11s  sont  encore  trop  recents  pour  que  les  moteurs  en  service  commercial  aujourd’hui 
les  satisfassent  compietement.  Une  evolution  des  rAglements  ne  sembte  done  pas  indispensable  A court  terme,  et  il  sera 
possible  de  juger  de  son  opportunity  lorsque  seront  en  service  des  moteurs  avant  subl  de  fapon  rtgoureuse  les  ypreuves 
prevues.  Une  harmonisation  des  rAglements  serait  cependant  souhaitable. 
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DISCUSSION 

G.J.Hrown,  Canada 

( 1 1 Could  you  describe  the  birds  used  in  these  tests,  their  specific  density? 

(2)  Could  you  describe  the  blade  failure  triggering  method. 

Keponse  d’ Auteur 

( 1 ) Les  oiseaux  utilises  sont  des  poulets  d’elevage  conserves  dans  un  congelateur  et  degeles  avant  tir. 

Ce  choix  a ete  dicte  par: 

la  recherche  d'une  standardisation  des  essais. 

la  simplicity  d’un  approvisionnemcnt  de  projectiles  de  masse  calibree. 

Des  essais  comparatifs  avec  des  oiseaux  sauvages  (goelands,  corbeaux)  effectues  sur  cible  fixe  et  en  fosse  sur 
rotor  out  montre  que  les  characteristiques  de  choc  initial  etaient  identiques  a masse  egale. 

( 2)  Le  largage  d’auhe  cst  effecting  par  I’eclatement  d’un  detonateur  place  dans  la  racine  de  I'aube  (un  meulage  cree 

Iun  affaiblissement  initial  de  la  racine).  Le  detonateur  est  alimente  par  un  condensateur  par  I’intermediaire  d’un 

transformateur  permettant  le  passage  entre  la  structure  fixe  du  moteur  et  le  rotor  basse  pression. 

J.Colpin.  Helgium 

bst-ce  que  vous  pourrie/  nous  donner  votro  opinion  sur  I'influence  des  nageoires  de  soufflante  sur  la  rupture  des 
aubes  notaminent  la  position  radiate,  la  localisation  radiale  de  ces  nageoires  sur  la  susceptibility  a la  rupture  des  aubes 
de  soufflante? 

Reponse  d'Auteur 

L ’absence  de  nageoires  permet  une  deformation  importante  des  bords  d’attaque  d’aube.  La  presence  des  nageoires 
ou  de  talon  d’aube  au  voisinage  de  ces  nageoires  on  des  ces  talons  cause  une  rigidite  plus  importante  qui  ne  permet 
pas  des  deformation  importantes  de  laubage  sans  dechirure. 

Done,  la  presence  de  nageoires  trop  rigides  augmente  les  problemes  de  fragmentation,  et  done  il  y a un  equilibre  a 
trouver  dans  les  possibilities  de  formation  des  bords  d'attaque  de  I’aube  au  voisinage  des  nageoires. 
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THE  EFFECT  OF  INTAKE  CONDITIONS  ON  SUPERSONIC  FLUTTER  IN  TURBOFAN  ENGINES 

by 

D.G.  Halilwell 

Head  of  Aeroelastlc  Research 
Rolls-Royce  Limited,  Aero  Division 


SUMMARY 


The  nature  of  supersonic  flutter,  to  which  high  tip  speed,  front 
stage  fans  of  modern  aircraft  turbofan  engines  are  susceptible.  Is 
Introduced  briefly.  The  effect  of  varying  engine  Intake  conditions 
of  altitude,  flight  speed  and  ambient  temperature  are  examined  and 
test  data  is  compared  with  theory.  Some  Important  flight  conditions 
for  minimum  flutter  margins  In  typical  civil  and  military  applications 
are  outlined.  The  effect  of  engine  Intake  type  Is  then  covered 
with  respect  to  the  degree  of  pressure  distortion  presented  to  the 
fan.  A tentative  relationship  Is  derived  between  this  distortion 
and  flutter  onset  speed. 


LIST  OF  SYMBOLS 
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H 

D 

P 
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A 

T.O. 


S.L. (S. ) 


T.E.T. 


KIAS 


fan  rotational  speed,  rpm 
intake  total  temperature,  °K 
T relative  to  288°K 
flight  mach  number 
intake  mass! low  function 

3 

intake  stagnation  density,  lb/ft 
damping  logarithmic  decrement 
1000  ft  altitude  above  S.L* 
fraction  of  blade  height 
diametral  node  no. 
total  pressure  at  fan  face 
annulus  area  at  fan  face 
area  distortion  parameter 
take-off 

sea  level  (static) 
turbine  entry  temperature 
knots  Indicated  airspeed 


1.  INTRODUCTION 


The  basic  characteristics  of  supersonic  unstalled  flutter  have  been  examined  in  a number  of  papers 
on  the  subject  (e.g.  1,2].  Front  stage  fans  of  modern  turbofan  engines  with  part- span  shrouds 
or  clappers  are  particularly  susceptible  to  this  type  of  Instability,  because  of  their  high  tip 
speedy  high  aspect  ratio,  relatively  lightweight  blading,  and  the  enhanced  degree  of  coupling  between 
blade  flap  and  torsion  modes  provided  by  the  shroud  ring.  The  performance  characteristics  of  such  a 
fan  stage  are  shown  in  Flg.l.  The  supersonic  flutter  regime  has  a steep  stress  gradient,  sensitive 
to  speed  and  pressure  ratio  as  illustrated.  Its  margin  above  the  fan’s  design  speed  is  of  crucial 
importance,  and  both  empirical  correlations  and  unsteady  work  theoretical  models  are  normally  used 
to  determine  this  margin. 


1 

Footnotes  Figures  in  square  parentheses  refer  to  references  at  the  end  of  the  paper. 
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Flg.l  Model  Fan  Characteristics  Showing 
Stress  Boundaries  of  Unstalled 
Supersonic  Flutter 


The  result  of  a typical  theoretical  analysis  is  shown  in  Fig. 2,  for  an  unstalled  high  speed  condition 
on  a shrouded  fan  assembly,  using  current  unsteady  aerodynamics  theory  ^3j  . The  various  nodal 
diameter  vibration  patterns  of  the  assembly  potentially  can  be  excited  in  forward  or  backward  rotat- 
ing waves  relative  to  the  rotor.  The  Aerodynamic  Damping  logarithmic  decrement  of  each  mode  Is 
plotted  against  the  vibration  Wave  Speed  relative  to  the  rotor.  It  Is  seen  generally  that  the 
forward  wave  has  the  minimum  damping  and  therefore  Is  the  least  stable  and  that.  In  particular, 
flutter  Is  most  likely  to  occur  in  a 4 diameter  mode  rotating  at  about  twice  rotor  speed.  The 
backward  wave,  on  the  other  hand.  Is  stable  and  Is  near- stat lonary  relative  to  the  casing. 

Such  a prediction  as  the  above  Is  governed  by  many  Input  parameters.  Some  can  be  optimised,  within 
other  constraints,  during  the  design  of  the  fan  Itself.  Others,  such  as  the  intake  conditions,  are 
determined  by  both  the  type  of  engine  Installation  and  the  aircraft  operating  envelope.  This  paper 
examines  some  of  the  factors  In  this  second  category  using,  where  possible,  test  data  to  Illustrate 
the  related  flutter  behaviour. 

Unless  otherwise  specified,  the  type  of  flutter  referred  to  throughout  Is  of  the  unstalled,  super- 
sonic variety. 
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Fig. 2 Variation  of  Aerodynamic  Damping 
and  Flutter  Wave  Speed  with  Mode 
Number  (Second  Family  Modes) 


EFFECT  OF  AIR  DENSITY 

Aerodynamic  Damping  (log.  dec.6a  ) is  directly  proportional  to  air  density.  Thus,  tor  flutter 
onset,  when  1&  negative  for  a particular  mode,  we  would  expect  the  effect  of  reducing  density 

to  be  favourable;  l.e.  at  high  altitude  one  would  have  to  run  the  fan  faster  to  reach  flutter  than 
on  a sea  level  test  bed.  In  addition,  the  gradient  of  stress-increase  with  speed  when  flutter  has 
been  reached  will  be  more  gradual  at  the  lower  density.  These  points  should  hold  whether  density 
Is  changed  either  by  forward  speed  or  by  altitude,  or  by  some  combination  of  both. 


On  the  face  of  It,  this  means  that  It  is  important  to  check  out  a demonstrator  engine  or  development 
fan  rig  at  the  highest  Intake  density  condition  likely  to  be  encountered  by  the  service  derivative 
engine.  In  fact,  this  depends  upon  the  particular  aircraft  operation  to  be  fulfilled  as  Section  4 
will  show. 


A collection  of  test  points  are  plotted  In  Fig. 3 In  terns  of  fan  corrected  speed  (NiA/B)  at 
flutter  onset  against  the  Intake  stagnation  air  density  ( Ps  ).  Flutter  has  been  defined  at  a low 
stress  level,  about  30  MPa,  on  or  near  the  blade  maximum  stress  position.  More  than  one  fan  type 

Is  Included  In  the  correlation  which  Justifies  the  way  In  which  It  is  used  subsequently. 
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Fig. 3 Effect  of  Intake  Air  Density  on  Supersonic 
Flutter  Onset  - Accumulated  Test  Data 
for  %~«30  MPa  Stress 


The  expected  effect  of  density  Is  verified,  but  at  the  low  density  end  the  effect  is  more  marked 
than  at  high  density.  This  is  partly  due  to  the  more  favourable  stress  gradient  referred  to 
earlier.  Density  values  for  two  different  pairs  of  flight  conditions  are  marked  on  Fig. 3,  each 
pair  having  a different  combination  of  altitude  and  flight  Mach  Number  for  the  same  density.  Points 
are  Included  In  the  correlation  for  all  these  conditions  showing  that,  within  the  data  bandwidth, 
the  density  effect  holds  for  both  altitude  and  flight  speed  variation. 

Returning  to  the  theoretical  prediction  of  Fig. 2,  the  value  of  6 a at  flutter  onset  will  be  equal 
in  magnitude  to  the  logarithmic  decrement  of  Mechanical  Damping  ( 6m)  in  the  fan  assembly.  Is  a 
difficult  quantity  to  determine,  but  its  value  will  be  reasonably  Independent  of  air  density  and  also 
of  fan  speed  within  the  restricted  high  speed  range  we  shall  consider.  6a,  however,  depends  upon 
both  these  parameters.  Thus,  we  have, 

6 = - 6 at  flutter  onset 

a m 


= function  (NjA/G) 

Knowing  the  theoretical  relationship  between  6a  and  Nj A/©  at  constant  density  |je.g.  Figs. 12  of  1,2] 
we  can  construct  curves  of  constant  damping  on  the  corrected  speed/density  diagram,  to  compare  with 
the  test  data  of  Flg.3.  This  has  been  done  in  Fig. 4,  for  a suitable  range  of  *m.  The  shape  of 
these  curves  is  broadly  similar  to  that  of  the  test  data  with  the  slope  increasing  towards  low 
density.  A mechanical  damping  of  about  .008  gives  general  agreement  with  the  test  data  over  a 
reasonable  density  range,  and  is  close  to  values  which  have  been  measured  for  the  appropriate  modes 
in  laboratory  and  spinning  pit  testing,  e.g.  from  the  work  of  • 

Improvements  in  total  damping  measurement  at  varying  air  density  and  In  the  prediction  accuracy  of 
aerodynamic  damping  should  permit  a more  thorough  comparison  to  be  made  along  the  lines  of  Fig. 4 
In  the  future. 
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Fig. 4 Comparison  of  Theoretical  Prediction 
of  Flatter  Onset  with  Test  Data 
for  Varying  Air  Density 


The  curve  of  corrected  flutter  onset  speed  with  density  established  In  Fig. 2 Is  not  unique.  It  does 
not  hold  for  large  changes  of  air  temperature  at  an  otherwise  constant  operating  condition.  In 
fact,  the  spread  of  data  In  Fig. 2 Is  partially  due  to  ambient  air  temperature  variation. 


Hg.5  shows  the  variation  of  flutter  speed  with  air  temperature  at  sea  level.  The  data  obeys 
approximately  a constant  corrected  speed  law.  This  Is  quite  reasonable  when  It  Is  remembered  that 
constant  NiA/0  gives  virtually  constant  Mach  Number  relative  to  the  blade,  which  Is  one  of  the  ma  lor 
parameters  governing  supersonic  flutter. 


Fig. 5 Typical  Variation  of  Flutter 
Onset  Speed  with  Ambient 
Air  Temperature 


The  above  relationship  Is  very  Important  when  the  engine  thrust  curve  or  rating  curve  Is  compared 
with  the  flutter  boundary.  Fig. 5 shows  a typical  flat-rated  engine  thrust  curve.  Below  the 
'klnk-polnt'  temperature  the  thrust  Is  constant,  which  approximates  to  constant  NjATs  for  the  fan. 
Above  the  klnk-polnt,  the  turbine  entry  temperature  (T.E.T.)  Is  constant,  causing  a marked  reduction 
of  NiA/6  as  ambient  temperature  Increases.  Thus,  for  this  type  of  engine,  It  Is  sufficient  to 
examine  the  klnk-polnt  condition,  as  this  will  establish  the  minimum  flutter  margin  at  any  parti- 
cular  altitude  and  flight  speed. 

It  should  be  noted  that  for  an  engine  which  does  not  have  a 'flat-rated'  thrust  curve.  It  may  be 
necessary  to  Introduce  an  Ni  limiter  or  even  an  Nl/^9  limiter  If  there  Is  a potential  flutter 
problem  on  cold  days. 

A.  OPERATION  OF  AIRCRAFT 

Having  established  the  variation  of  the  fan's  flutter  boundary  with  density  and  that  (with  certain 
provisos)  the  ambient  temperature  effect  can  be  satisfied  by  taking  the  klnk-polnt  condition,  we 
can  examine  the  off-deslgn  operation  of  a derivative  engine  In  a typical  aircraft. 
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Taking  first  a civil  transport  aircraft,  some  important  operating  points  are  compared  with  the 
flutter  boundary  in  Fig. 6.  The  highest  fan  corrected  speed  conditions  to  be  considered  are  take- 
off at  high  altitude  and  constant  air-speed  climb  up  to  the  aircraft's  cruise  altitude.  In  both 
cases  it  is  seen  that  the  slope  of  the  flutter  boundary  with  change  of  density  lies  in  a favourable 
direction. 

(a)  As  take-off  altitude  is  increased,  the  air  density  reduces  and  the  flutter  speed  recedes, 
although  the  margin  between  flutter  and  the  engine  rating  does  tend  to  reduce.  Note  that 
the  points  shown  are  alternative  static  take-off  conditions,  and  that  as  forward  speed  is 
applied  the  rated  NiA/0  will  reduce,  thus  improving  the  flutter  margin. 

(b)  In  the  second  case  on  Fig. 6 a continuous  climb  schedule  is  shown.  As  altitude  is  gained, 
the  fan  corrected  speed  increases  until  the  stratosphere  is  reached.  The  slope  of  the 
flutter  boundary  also  increases,  such  that  there  is  a minimum  flutter  margin  at  or  near 

to  the  top  of  climb  just  before  a lower  rating  for  cruise  is  selected. 

It  is  part  of  the  design  process  of  a new  engine  to  make  sure  that  the  above  margins  are  adequate. 
To  be  taken  into  account  are  many  factors,  such  as  thrust  growth  of  the  engine  and  deterioration  of 
the  fan  in  service,  in  determining  what  initial  margins  are  acceptable.  If  the  margins  are  un- 
necessarily large,  a penalty  may  be  incurred  via  excess  fan  weight. 


Fig. 7 Comparison  of  Slope  of  Flutter 
Boundary  with  Various  Military 
Aircraft  Operations 


Next  we  examine  operation  in  a military  aircraft*  Here  there  are  many  more  possibilities  to  consider 
than  in  the  civil  case,  whether  it  be  for  a multi-role  combat  aircraft  or  for  several  aircraft 
designed  for  different  specialised  missions  with  a common  engine.  A selection  of  cases  has  been 
taken,  as  labelled  in  Fig. 7,  plus  normal  take-off,  where  each  one  is  plotted  on  the  corrected  speed/ 
density  diagram.  These  are: 

(A)  Subsonic  climb  at  0.75M  to  30,000  ft.  altitude. 

(B)  Low  level  strike  at  200  ft.  between  0.6  and  0.9M. 

(C)  Aerial  combat  in  the  range  0.9M/15,000  ft.  to  1.4M/25,000  ft. 

(D)  Second  segment  climb  with  reheat  for  interception  in  the  stratosphere  at  1.6M. 

(E)  High  altitude  reconnaissance  at  50,000  ft. 

The  most  obvious  point  from  Fig. 7 is  that  high  flight  Mach  Number  cases  are  the  least  problem  from 
the  flutter  viewpoint,  because  the  high  ram  intake  temperature  suppresses  the  fan  corrected  speed. 

The  low  level  strike  at  high  subsonic  speed  (case  B)  might  have  been  expected  to  be  a problem 
because  of  the  high  intake  stagnation  density.  However,  the  attendant  high  intake  temperature 
ensures  that  here  also  the  fan  corrected  speed  is  suppressed  and  the  flutter  margin  is  more  favour- 
able than,  say,  at  the  take-off  condition. 

The  highest  fan  corrected  speeds  occur  at  the  top  of  the  subsonic  climb  and  in  the  slow  speed,  high 
altitude  reconnaissance  role.  The  latter  is  not  a real  problem  because  of  the  very  low  air  density, 
but  it  might  be  preferable  to  impose  an  NiA f%  limiter  for  performance  reasons  in  this  case  and  for 
flutter  reasons  in  the  subsonic  climb  case. 

Therefore  we  see  that  the  worst  military  flight  conditions  for  supersonic  flutter  are  not  really 
different  from  the  civil  case.  This  is  convenient  from  the  point  of  view  of  developing  a fan  design 
which  may  be  adopted  in  both  fields. 


tmCT  OK  INTAKE  DISTORTION 


So  far  we  have  considered  operation  with  clean,  unttonn  Intake  conditions,  such  as  Is  provided  by 
an  alrmeter  In  a test  cell.  However,  we  would  expect  the  susceptibility  o 1 a tan  to  flutter  to  be 
Influenced  by  the  quality  ot  the  Intake  airflow  as  well  as  by  Its  mean  pressure  and  temperature. 

It  Is  fortunate  that  for  once  the  laws  ot  nature  work  In  our  favour.  It  Is  found  that  the  most 
perfect  case  In  terms  ot  Intake  symmetry  tends  to  give  the  lowest  flutter  onset  speed.  A measure 
of  circumferential  distortion,  as  found  In  real  aircraft  Intakes,  helps  to  suppress  flutter.  It  Is 
analogous  to  mechanical  detuning  - physical  asymmetry  in  the  rotor  will  split  the  orthogonal  com- 
ponents of  the  normal  vibration  mode  and  make  their  excitation  at  a common  frequency  more  difficult 
than  tor  the  perfectly  tuned  rotor  [5J  . In  the  case  of  flutter,  where  the  airflow  provides  the 
vibration  energy  Input,  asymmetry  In  the  tan  airflow  can  provide  detuning  of  an  aerodynamic  nature. 


Fig. ft  Variation  of  Average  Flutter  Onset  Speed 
with  Pressure  Recovery  for  Different 
Test  Bed  Intake  Types 


The  effect  Is  Illustrated  In  Fig. ft,  where  averaged  test  data  fox  a given  fan  behind  different  Intake 
types  Is  presented.  The  Intake  pressure  recovery  factor  Is  used  as  a measure  of  the  quality  (In 
performance  terms)  of  the  Intake.  It  Is  seen  that  the  most  efficient  Intakes  are  also  the  roost 
flutter  prone.  The  area  of  the  'knee'  ot  the  curve  Is  of  special  Interest  because  this  gives  the 
biggest  flutter  Improvement  for  the  least  intake  loss. 

As  a further  demonstration  of  this  effect,  the  onset  of  flutter  can  be  correlated  In  terms  of  a 
circumferential  distortion  parameter.  At  a given  blade  height,  H,  the  circumferential  total 
pressure  factor  presented  to  the  fan  face,  (Pmax  - l*roln)/pmean»  h*s  been  calculated  for  various 
Intake  types  and  plotted  against  H In  Fig. 9.  The  maximum  value  of  Pmax  - Pmln  occurs  typically 
near  the  fan  tip  for  a pod  intake,  whereas  for  a burled  Installation  It  occurs  much  lower  down  the 
blade . 
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Fig. 9 Comparison  of  Circumferential 
Distortion  Parameter  for 
Different  Intake  Types 
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lc  is  next  necessary  to  Integrate  the  above  pressure  tactor  over  an  appropriate  part  of  the  blade 
span.  Because  the  maximum  excitation  forces  and  amplitudes  occur  near  the  blade  tip,  the  outer 

part  of  the  span  is  the  most  relevant;  in  fact  the  outer  50%  of  annulus  area  has  been  used  here. 
Thus  we  have  an  area  distortion  parameter  defined  ast 
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where  A is  the  tan  inlet  annulus  area. 

This  parameter  has  been  plotted  in  Fig. 10,  for  various  Intake  test  points,  against  the  elevation  of 
flutter  onset  speed  above  that  measured  with  an  slrmeter.  An  arrow  attached  to  certain  points 
means  that  flutter  was  not  present  with  that  intake  at  the  maximum  speed  reached. 
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Fig. 10  Correlation  of  Integrated  Distortion 
Parameter  with  Average  Flutter  Onset 
Speed  for  Different  Intake  Types 


The  trend  previously  referred  to  is  confirmed;  that  is,  circumferential  distortion  can  be  bene- 
ficial to  supersonic  flutter.  The  implications  of  this  are  manifold.  For  example,  there  exists 
the  possibility  of  deliberately  designing  an  intake  to  improve  flutter  margins.  This  Is  unlikely 
to  find  favour  with  those  responsible  for  engine  performance,  however,  and  it  is  possible  that  any 
tendency  of  a fan  towards  part-speed  stall  flutter  could  be  exacerbated. 

One  positive  outcome  of  this  work  is  the  general  conclusion  that  customary  rig  and  development 
engine  testing  with  alrmeters  can  be  counted  upon  to  give  near  to  the  lowest  flutter  speed.  With 
aircraft-type  Intakes  the  flutter  margins  should  certainly  be  no  worse  and  could  even  be  better. 

This  is  important  as  a lot  of  unnecessary  test  time  and  expenditure  can  be  saved. 

6.  CONCLUDING  REMARKS 

We  have  seen  that  supersonic  flutter  for  different  flight  conditions  can  be  correlated  in  terms  of 
intake  stagnation  density,  although  the  correlation  is  not  unique  with  respect  to  ambient  air 
temperature.  Sea  level  testing  will  give  close  to  the  minimum  corrected  flutter  speed  with  normal 
test  cell  intakes,  whereas  for  real  aircraft  intakes  the  flutter  speed  will  tend  to  be  higher.  It 
Is  shown  that  flutter  onset  speed  can  be  correlated  with  either  the  Intake  efficiency  or  the  cir- 
cumferential distortion  presented  to  the  fan. 

The  minimum  flutter  margins  In  service  will  depend  upon  the  engine's  rating  curves  and  the  flight 
envelope  of  the  aircraft.  It  is  found  that  the  worst  cases  tend  to  be  at  take-off  from  high 
altitude  airfields  and  at  maximum  climb  or  continuous  ratings  near  the  top  of  the  aircraft's  lowest 
speed  climb  schedule.  Normally  it  will  be  adequate  to  examine  the  'kink-point'  temperature  case. 
Whilst  these  general  observations  can  be  used  for  project  work,  it  is  necessary,  however,  to  examine 
closely  all  the  high  corrected  speed  areas  of  any  firm  appl icat ion.  In  relation  to  the  flutter 
boundary  of  the  particular  fan  design  adopted. 
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SUMMARY 

TYi  Is  paper  primarily  deala  with  the  unsteady  flow  phenomena  within  rotor  Made 
channels  of  a subsonic  and  a transonic  axial  compressor  staqe  subjected  to  different 
types  of  steady-state  inlet  distortions.  Fspeclally  circumferential  nonuniformities  in 
total  pressure  as  well  as  in  preswlrl  flow  have  a serious  impact  on  aerodynamical ly  In- 
duced blade  flutter  and  flow  instabilities.  A simple  steady  state  measuring  technique 
‘ th  conventional  probes  and  pressure  tana  combined  with  an  adequate  data  analysis  was 
ed  to  lnvestloate  the  unsteady  rotor  flow  with  particular  respect  to  the  variation  of 
e blade  loadinq  durinq  rotor  revolution.  Rome  relevant  results  of  this  1 nves t lqat ion 
are  submitted  and  discussed. 
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INTRODUCTION 


tip  location 
axial  direction 
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behind  the  rotor  (measuring  plane  2) 


In  recent  years  the  aircraft  engine-inlet  integration  has  attracted  considerable 
attention  in  order  to  overcome  those  problems  arising  with  inlet  distortions.  Non-uniform 
inlet  flow  conditions  do  not  only  affect  the  compressor  stall  margin  but  result  in  se- 
vere unsteady  aerodynamic  load  of  the  rotor  blades  thus  initiating  or  aggravating  air- 
foil vibrations  and  flutter.  In  this  paper  therefore  an  attempt  is  made  to  quantify  the 
unsteady  blade  forces  as  a function  of  steady-state  inlet  distortion  parameters. 

EXPERIMENTAL  SET-UP 

Two  different  axial  compressor  stages  of  the  same  overall  dimensions  however  of 
quite  different  pressure  ratio  have  been  used  for  the  experimental  study.  The  main  over- 
all design  parameters  of  both  the  stages  - the  subsonic  and  the  transonic  one  - are 
listed  below: 


LP-compr  ess  or  -stage 


tip  diameter  Da 

hub  diameter  Di 

tip  speed  ua 

flow  coefficient  cax/ua 
* A 

pressure 

coefficient 


number  of  rotor 
blades 


400  mm 
200  mm 
146  m/s 
O.  S3 
8.7  kg/s 

0.52 
1 .065 


pitch  -chord -ratio 
rotor  t/1 


hub-tip  ratio 


t/1  - 0.63-0.9 

0.5 

NaCA-65  Profiles 


HP -compress  or -s  tage 


tip  diameter 
hub  diameter 
design  tip  speed 

design  pressure 
ratio 

design  ma3s  flow 

number  of  rotor 
blades 

pitch -chord  ratio 
rotor 

hub-tip  ratio 


Da 

s 

400  mm 

Di 

s 

200  mm 

ua 

SE 

425  m/s 

"tot 

s 

1,5 

A 

s 

17.3  kg/s 

2 

m 

28 

t/1 

0.5  - 0.78 

0.5 

DCA-,  MCA-Prof lies 


All  tests  were  carried  out  with  outlet  guide  vanes  to  have  complete  compressor 
stages,  however  durlnq  the  program  main  emphasis  was  given  to  the  rotor  flow  studies, 
except  overall  stage  performance  measurements. 

Fiq.1  shows  a cross-sectional  view  of  both  the  Test  rigs  involved.  Hie  spoiler  posi- 
tion as  well  as  the  various  measuring  planes  are  indicated  too. 

The  spoiler  support  has  been  designed  to  be  contlnously  rotated  over  360  degree  to 
allow  for  conventional  probe  and  wall  pressure  tap  readings  up-  and  downstream  of  the  ro- 
tor at  any  point  relative  to  the  spoiled  area. 

Screen  induced  circumferential  total  pressure  distortions  of  various  sector  anciles 
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and  Intensities  for  both  stages  as  well  as  a sinusoidal  absolute  Inlet  flow  angle 
distortion  (positive  and  negative  pres wlrl)  have  been  applied  to  investigate  the  unsteady 
aerodynamic  rotor  blade  load  effects.  Fig. 2 gives  a survey  on  the  different  distortion 
types  as  well  as  of  the  Intensities  applied,  the  total  pressure  distortion  is  characte- 
rized by  Its  sector  angle  » and  by  Its  intensity  vhich  Is  equivalent  to  the  screen  to- 
tal pressure  loss 

Ap»-r>* 

Intensity  I - - y . 

7 ^ax 

Relating  the  total  pressure  loss  to  the  dynamic  head  at  compressor  inlet  has  the  *■ 
vantage  of  the  Intensity  to  remain  fairly  constant  along  the  compressor's  speed  lines. 

UNSTEADY  ROTOR  RELATIVE  INLET  CONDITIONS 

Any  steady  state  but  circumferentially  nonuniform  inlet  flow  la  always  associated 
with  substantial  relative  flow  - Incidence  and  / or  velocity -disturbances  at  the  rotor 
entrance,  obviously  initiating  heavy  unsteady  rotor  flows.  The  effect  of  a square  wave 
total  pressure  distortion  and  of  a sinusoidal  preswirl  distortion  on  the  relative  inlet 
flow  field  of  the  HP  transonic  rotor  Is  illustrated  In  Fig. 3 presenting  the  corresponding 
circumferential  distribution  of  relative  flow  angle  and  velocity.  The  total  pressure 
distortion  (left  hand  diagram)  leads  primarily  to  a flow  angle  disturbance  while  the 
preswirl  distortion  (right  hand  diagram)  causes  a severe  velocity  disturbance.  (Here, 

It  has  to  be  noticed  that  the  circumferential  axis  is  equivalent  to  a time  axis  In  the 
rotor  frame.)  The  plots  point  out  that  - with  the  total  pressure  dis tortlon-the  rotor 
will  operate  at  different  throttle  settings  on  one  speed  line,  while  - with  the  pres- 
wlrl  distortion  - It  will  operate  along  a line  of  constant  throttling  (Ref.1). 

For  total  pressure  distortions  associated  with  severe  incidence  disturbances  an 
attempt  was  made  to  relate  the  maximum  change  of  flow  angle  (during  one  revolution)  to 
the  distortion  intensity.  Assuming  no  reaction  of  the  rotor  on  Its  inlet  flow  field 
the  following  relationship  of  any  total  pressure  defect  with  the  axial  flow  velocity 
exists  : 


with 

The  Intensity  is  given  by 


*Pm 


? car  A CQK 


C mar  * Cmin 
2 


2 APtot 
f Cg/ 


(D 


(2) 


based  on  the  circumferentially  averaged  axial  velocity  component: 


360  - e 

3(0  mo*  * 


JL  c 

360  lnln 


Equations  (1)  and  (2)  describe  the  equivalent  axial  velocity  defect  as  a function  of 
the  distortion  intensity.  Now,  the  corresponding  relative  flow  angle  variation  can  easily 
be  found  by  derlvating  the  following  relation  deduced  from  inlet  velocity  triangle 


resulting  in 


/3  = arc lan  ( u/cax) 


M/3/ 


(u/Cax)2  Ac  ax 

1 * (u/cQxf  U 


(3) 


Considering  only  180°-sectors  (c  “ 
to:  aX 


cax)  the  combination  of  equations  (1)  to  (3)  leads 
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1_  U / fqy  r 

2 1 +(U/Ca,)2 


(4) 


In  reality  however  the  upstream  flow  phenomena  are  more  complex  than  described  by 
the  simple  estimation  given  above.  Normally  the  inlet  axial  flow  velocity  defect  is 
attenuated  by  the  reaction  of  the  rotor  vhich  tends  to  accelerate  the  upstream  flow  in 
the  distorted  area,  thus  decreasing  the  relative  flow  angle  difference  AR.  Pue  to  the 
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acceleration  the  static  pressure  in  the  distorted  area  drops  down  initiating  cross  flows 
on  either  side  of  the  distorted  region.  This  swirl  flow  always  directed  towards  the  dis- 
tortion center  tends  to  increase  again  the  relative  flow  angle  difference  AB. 

Results  calculated  for  the  LP  rotor  from  eq.(4)  (hatched  area),  are  compared  to  the 
experimental  peak-to-peak  data  <^Pmax)  In  Fig. 4 for  max.  and  min.  mass  flow  rates.  For 

the  tip  sections  the  effect  of  acceleration  and  of  swirl  flow  on  A6  seems  to  be  of  the 
same  magnitude,  thus  the  experimental  results  happen  to  agree  quite  well  with  the  esti- 
mated data.  For  the  root  sections  the  effect  of  swirl  flow  obviously  prevails  the  acce- 
leration effect  probably  due  to  radial  flow  components  (s.Ref.2). 

Concerning  the  distortion  behaviour  throughout  the  rotor  - reported  here  as  the  ratio 
of  exit  to  inlet  distortion  inteas  ity  - Fiq.5  reveals  that  mainly  attenuation  takes  pla- 
ce over  the  blade  height  with  an  increasing  tendency  towards  blade  tip.  Amplification 
occurs  only  in  the  hub  reqion  at  low  mass  flow  rates  near  surge.  The  exit  distortion  in- 
tensity is  identically  defined  as  the  inlet  datum  and  based  on  the  minimum  flow  quantity 
average  over  the  same  sector  angle  as  in  front  of  the  rotor.  The  dynamic  pressure  to  re- 
late on  is  calculated  from  the  rotor  exit  overall  average  total  pressure,  average  total 
temperature,  the  flow  area  and  the  inlet  mas3  flow. 

ANALYSIS  OF  UNSTEADY  ROTOR  BLADE  LOADING 

Due  to  the  above  described  relative  flow  field  disturbances  associated  with  steady- 
state  inlet  flow  distortions  it  is  obvious  that  equivalent  oscillating  fluid  forces  will 
act  on  each  blade,  entering  and  passlnq  the  distorted  flow  area.  In  the  following  an 
attempt  is  made  to  quantity  these  forces  by  analysing  and  correlating  the  experimental 
flow  field  data  in  front  and  aft  of  the  LP  and  HP  rotor.  Fig. 6 presents  two  blades  of  a 
compressor  cascade  with  the  relevant  forces  of  interest  (Ref. 3).  The  tangential  force 
component  T on  a blade  section  of  the  heiqht  h corresponds  to  the  momentum  change  through- 
out this  section: 


T = S h 1 AWu 

t = blade  pitch 


Together  with  the  axial  force  resultinq  from  the  cascade  static  pressure  rise  and  axial 
momentum  chanqe  the  tangential  force  T yields  the  airfoil  lift  A which  always  is  perpen- 
dicular to  the  direction  of  the  mean  relative  flow  vector  ww.  In  order  to  simplify  this 
data  analysis  the  profile  drag  is  assumed  to  be  small  so  that  the  lift  coefficient  cp, 
equals  approximately  the  circulation  coefficient  Cp 


<-/4  ~ Cp 


n JL 
L 1*0, 


(6) 


1 = chord  length 


The  normal  force  coefficient  then  follows: 

cn  = cos  « 


The  normal  force 
by : 


Fn  actlnq  on  cascade  element  of  the  heiqht  h at  the  radius  R 

Fn(R)  = Cn(R)  yW*(R)  l h 


is  given 


(8) 


Considering  only  blade 
the  section  area  1 • h 
different  tip  speed  ua 

nally  is  a function  of 
and  of  rotor  tip  speed 


or  airfoil  sections  it  is  useful  to  reduce  the  normal  force  by 
and  moreover  by  the  factor  (p/2)  ua2,  if  there  are  rotors  with 
to  be  compared.  Thus  the  reduced  blade  normal  force  (Fn  red)  fi- 

normal  force  coefficient  cn,  of  local  relative  flow  velocity  vim, 


As  an  example  Fiq.7  presents  the  reduced  normal  force  on  several  blade  sections  (va- 
rious heights)  of  the  LP-rotor  with  cleans  inlet  flow  as  a function  of  flow  coefficient. 


The  evaluation  of  blade  normal  forces  in  the  presence  of  circumferential  nonuniform 
flow  on  both  sides  of  the  rotor  requires  to  correlate  the  flow  field  data  upstream  and 
downstream  of  the  rotor.  Due  to  flow  complexity  this  is  a very  difficult  process,  how- 
ever might  be  simplified  for  practical  purposes  by  the  following  assumptions: 

1.  Meridional  streamlines  follow  constant  relative  blade  heights  throughout 
the  rotor, 

2.  Streamlines  on  circumferential  planes  of  constant  relative  heiqht  correspond  to 
the  absolute  flow  velocity  vectors. 
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The  circumferential  correlation  of  data  may  be  established  by  an  approximative 
function  describing  Jhe  change  of  absolute  tangential  velocity  along  the  nondimens Iona  1 
rotor  axial  length  x vhich  is  found  from  a laser  anemometer  study  of  the  Internal  flow 
field  of  both  the  LP  and  HP  compressor  rotor  (Fig. 8): 

4cu  = AcUmaK  L i - ( * - 1)  J do) 

The  circumferential  streamline  shift  between  the  measuring  planes  of  interest 
follows  from  eq.(10)  assuming  the  axial  velocity  to  be  an  average  of  the  inlet  and  outlet 
value  (s . Ref . 1 ) . 

In  the  following  the  blade  normal  forces  evaluated  from  the  experimental  flow  field 
data  as  described  above  are  presented  in  some  detail  for  both  the  LP  and  HP  rotor. 

Fig.  9a  - f shows  the  circumferential  variation  of  the  reduced  normal  force  of  blade 
elements  near  hub  and  blade  tip  for  the  different  distortion  configurations  shown  in 
Fig. 2. 

With  any  square  wave  total  pressure  distortion  at  inlet  (Fig. 9a  - e)  the  rotor  blades 
are  always  subjected  to  heavy  transient  force  fluctuations.  All  diagrams  (9a  - e)  - their 
x-axis  correspond  to  the  direction  of  blade  rotation  - demonstrate  that  the  rotor  blades 
diving  into  the  distorted  region  are  momentarily  discharged,  then  however  they  undergo  a 
typical  transient  force  variation  the  slope  of  vhich  depends  on  the  time  spent  within 
the  region  (compare  90°  and  180°  sector).  Peak  load  is  achieved  vhen  leaving  the  low 
pressure  area.  At  high  distortion  levels  and  near  surge  operation  (min.  mass  flow),  the 
data  (Fig.9d)  reveal  that  a local  flow  separation  occurs  near  hub  which  leads  to  a drop  in 
blade  loading  as  indicated  by  the  dashed  line  at  bottom.  The  analogue  HP  (transonic)  ro- 
tor data  evaluation  shows  a very  similar  tendency  in  normal  force  behaviour.  The  gene- 
rally lower  level  of  the  reduced  force  is  primarily  due  to  the  great  difference  in  the 
cip  speed  of  both  rotors  (factor  of  2.5)  yielding  lower  reduced  forces  for  the  HP  rotor 
although  the  actual  forces  are  obviously  stronger.  Comparir.q  the  total  pressure  with  the 
preswirl  type  of  distortion  reveals  that  preswirl  disturbance  applied  to  the  HP  rotor 
creates  even  more  intense  blade  force  fluctuations  than  the  already  high  level  total 
pressure  distortions . 

In  order  to  get  a close  view  on  the  effect  of  distortion  level  and  distortion  area 
width  on  the  oscillating  blade  normal  forces  the  peak  values  (maxima  as  well  as  minima) 
of  the  circumferential  force  distributions  (s.Flq.9a  - f)  are  presented  in  Fig. 10  and  11 
as  a function  of  distortion  intensity  with  the  sector  angle  fl  as  a parameter.  Fig. 10  re- 
presents the  data  achieved  for  the  LP  rotor  at  maximum  mass  flow  rate.  Fiq.11  shows  the 
results  gained  for  the  near  surge  operating  point  of  both  I.P  and  HP  rotor.  Concerning 
the  LP  rotor,  the  bandwith  of  the  blade  normal  force  rises  substantially  with  increasing 
distortion  level,  however  no  important  effect  of  the  sector  angle  becomes  evident  from 
the  plots.  Wear  hub  the  bellmouth  type  of  force  distribution  develops  quite  symmetrical 
with  respect  to  the  clean  inlet  force  datum  (s teady -s tate  force  level:  dash-pointed  line), 
vhlle  at  tip  the  minimum  blade  force  remains  nearly  constant  and  only  the  maximum  values 
contribute  to  the  increasing  force  bandwith  with  qrowing  distortion  Intensity. 

Fiq.11  illustrating  the  fluctuating  force  situation  for  the  near  surge  operating 
point  also  presents  those  results  available  from  the  HP  rotor.  These  results  fit  quite 
well  into  the  I.P  rotor  data  for  the  near  tip  blade  sections,  however,  less  agreement  is 
achieved  for  the  hub  region  which  is  probably  due  to  hub  separation  occurlng  in  this 
compressor  already  at  clean  inlet  flow  because  of  only  smooth  hub  contraction  associated 
with  hiqh  blade  loading. 

Fig. 12  demonstrates  the  mere  peak-to-peak  amplitude  of  the  reduced  normal  force  just 
to  give  a direct  impression  on  the  strength  of  the  oscillating  blade  forces.  The  ampli- 
tude is  plotted  against  the  distortion  intensity  with  the  relative  blade  height  and  the 
sector  angle  as  parameters.  The  dynamic  force  component  increases  considerably  with  the 
distortion  level,  particularly  if  the  intensity  exceeds  a value  of  1.  Concerning  the  LP 
rotor  mass  flow  rate  and  relative  blade  height  seem  to  be  of  minor  influence  on  the 
amplitude  of  the  unsteady  blade  forces,  vhereas  for  the  HP  rotor  the  force  amplitude  near 
hub  is  half  that  one  of  the  tip  section,  probably  because  of  this  compressor’s  tendency 
to  hub  separation.  Generally  the  HP  rotor  shows  a similar  tendency  as  the  I.P  rotor,  how- 
ever, due  to  the  limited  test  data  available  no  basic  conclusions  can  be  drawn  at  the 
moment;  more  extensive  and  detailed  investigations  on  high  pressure  ratio  transonic  ro- 
tors are  required  to  clarify  these  complex  phenomena. 

CONCLUSIONS 

Steady-state  flow  distortions  in  compressor  inlets  always  create  disturbances  in  re- 
lative flow  velocity  and  flow  angle  ahead  of  rotors  vhich  often  lead  to  strong  unsteady 
aerodynamic  blade  loadings  and  consequently  to  heavily  transient  and  oscillating  blade 
forces.  Total  pressure  distortions  are  primarily  associated  with  relative  flow  angle  dis- 
turbances Kerens  preswirl  distortions  cause  mainly  relative  flow  velocity  disturbances. 

Fxperimental  studies  an  a subsonic  and  a transonic  rotor  originally  aimed  at  in- 
vestigating the  aerodynamic  response  of  compressor  stages  on  inlet  distortions  have  been 
extended  to  analyze  the  unsteady  rotor  blade  forces  resulting  from  inlet  flow  inhomoqe- 
nelties.  The  analysis  is  based  on  an  appropriate  definition  of  blade  normal  force 
referred  to  the  rotor  tip  speed.  The  studies  have  revealed  that  the  peak-to-peak  force 
amplitude  depends  particularly  on  the  distortion  intensity.  Distortion  area  and 
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Fig. 3 Circumferential  Distribution  of  Incidence  Angle  and  Relative 
Velocity  in  front  of  the  HP-Rotor  (50  % Blade  Height) . 
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Fig. 4 Maximum  Variation  of  Relative  Flow  Angle  In  Front 
of  the  LP  and  HP-rotor  as  a Function  of  Total 
Pressure  Distortion  Intensity. 

(Hatched  Area:  Estimation  with  Fq.(4)  Valid  for 
LP-Rotor  only,  180°  Rector.  Doubled  Symbols:  HP  Rotor) 


Radial  Distribution  of  LP-Rotor 
Distortion  Intensity  Attenuation 
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Fig. 6 Forces  on  a Cascade  Airfoil 


“lg.7  Reduced  Normal  Force  of  I.P-Rotor 

Blade  Flements  with  Clean  Inlet  Flow 


Fig. 8 Change  of  Absolute  Tangential  Flow 
Velocity  along  Rotor  Axial  l.ength 


Fig. 9a  Circumferential  Distribution 

of  the  Reduced  Normal  Force  In 
Near  Hub  and  Tip  Blade  Sections 
for  a Total  Pressure  Distortion 
(I.P-Rotor) 


Fig. 9b  Continued  for  Total  Pressure 
Distortion  (I.P-Rotor) 
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Flq.lO  Envelope  of  Minimum  and  Maximum 
Reduced  Normal  Forces  Near  Hub 
and  Tip  Blade  Sections  (LP-Rotor) 
as  Function  of  Distortion  In- 
tens  ity . 
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Fiq.11  Continued  (LP-  and  HP-Rotor) 
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Fin. 12  Peak -to -Peak  Amplitude  of  Reduced  Normal  Force 
as  Function  of  Distortion  Intensity 
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DISCUSSION 


J.J.Adamczyk,  US 

Did  you  consider  the  potential  field  interaction  that  results  from  a total  pressure  interaction  with  an  isolated  stage? 


Author’s  Reply 

With  respect  to  the  theoretical  estimation  of  the  peak-to-peak  relative  flow  angle  change  no  interaction  was  taken 
into  account.  Whereas  in  the  experimental  values  this  interaction  is  included,  because  measured  values  in  front  of 
the  rotor  were  used,  which  of  course  are  influenced  by  the  potential  field  of  the  stage. 


J.Colpin,  Belgium 

Did  you  try  to  average  your  values  to  get  the  average  value  for  the  response  of  the  compressor;  and  if  you  did.  how 
did  you  evaluate  those  mean  values?  Did  you  introduce,  for  example,  an  average  value  of  the  axial  inlet  velocity? 

Author’s  Reply 

Yes. 


J.Colpin,  Belgium 

That  was  just  an  area  average? 

Author’s  Reply 

In  order  to  quantify  the  inlet  distortion  intensity  we  used  an  average  dynamic  head  resulting  from  mass  flow,  inlet 
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SUMMARY 

A one  stage  axial  flow  compressor  is  studied  aerodynamicaly  and  mechanicaly  when 
operating  with  moldistributed  inlet  flow,  i.e.  inlet  flow  total  pressure  distortions  and 
rotating  stall. 

A theoretical  model  is  presented  which  calculates  the  distortion  propagation  through 
the  compressor  stage.  That  enables  the  computation  of  the  unsteady  aerodynamic  loading 
of  the  rotor  blades . 

The  theoretical  results  are  successful!  compared  with  the  measured  flow  fields. 


An  experimental  study  defines  the  rotating  stall  characteristics  of  the  compressor 
stage  and  relates  the  blades  vibrations  and  stresses  with  the  existence  of  a distortion 
and/or  rotating  stall  cell. 


LIST  OF  SYMBOLS 

a - Sound  velocity 

C - blade  chord 

- entropy  constant 
f - frequency 

H - total  enthalpy 

i - incidence 

k - reduced  frequency 

K - rotational  speed  (RVS/fclinl 

Pq  - total  pressure 

P - static  pressure 

Q - mass  flow 

R - gas  constant 

R - radius 

S - entropy 


time 

axial  velocity 

tangential  velocity 

relative  flow  angle 

stagger  angle 

specific  heat  ratio 

total  pressure  loss  coefficient 

angular  velocity 

camber  angle 

diameter 

stream  function 

total  pressure  coefficient 

specific  mass 

stress  (pascals^ 


Superscript 
R.  Relative  motion 

Subcripts 

1. -  upstream  rotor 

2. -  downstream  rotor 
Ax  - Axial 

IN  - Inner 
Loc  - Local 
HOM  - nominal 
OUT  - outer 
Per  - Peripheral 
Ref  - Reference 
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Among  the  serodynamical  factors  affecting  the  turbomachines  surge  lines,  efficencies 
and  mechanical  blade  solicitations . inlet  flow  distortions  and  rotating  stall  play  a 
primary  role. 

These  two  different  aerodynamical  phenomenons  have  different  origins  but  both  create 
non  uniform  unsteady  internal  flows  which  generate  dynamic  flow  transfer  functions 
through  the  blade  rows  and  thus  unsteady  loadings  on  these  blades. 

The  inlet  flow  distortions  ere  externaly  imposed  boundary  conditions  for  the  compres- 
sor. They  can  be  of  temperature,  pressure  or  foreign  gases.  Their  sources  can  be  due  to 
swallowed  airframe  wakes,  high  incidences  or  sideslip  flight  conditions,  supersonic 
unsteady  achock  boundary-layer  interactions,  inlet  structure,  nozzle  flow  of  fired  mis- 
siles etc  . . . 

The  consequences  of  inlet  flow  distortions,  in  compressor,  are  surge  margin  reduc- 
tions. nominal  point  performances  decreases,  higher  blade  stresses;  in  combustor  and 
turbine,  they  are  flame  out  risks  and  overheating  problems. 

The  rotating  stall  phenomenon  is  a spontaneous  aerodynamic  response  of  a compressor 
to  too  high  loadings  on  the  bladings.  The  internal  flow  attempts  a reorganisation  to 
reach  the  asked  operating  conditions,  with  the  minimum  possible  losses.  In  fact,  the 
choice  of  the  flow  between  surge  and  rotating  stall  configuration  will  depend  on  the 
radial  equilibrium  of  the  flow  (ref.l)  and  on  the  compressor  geometry,  primarily  inter- 
nal volumes  (ref. 2'. 

Rotating  stall  is  mainly  studied  in  part  speed  compressor  regimes  because  of  the  major 
importance  of  the  phenomenon  under  such  conditions.  However,  what  is  generaly  called 
the  surge  line  of  a compressor,  at  higher  operating  speeds,  is  simply  the  continuation 
of  the  rotating  stall  region  from  low  to  high  speeds  (ref. 3).  This  is  important  for  the 
prediction  of  the  "surge  line"  in  theoretical  models. 

"■he  consequences  of  the  rotating  stall  are  of  two  types  : 

- difficulty  or  impossibility  to  cross  the  rotating  stall  region  during  starts  up,  this 
being  due  to  the  hysteresis  linked  with  the  phenomenon  (ref. 1,3). 

- too  high  blade  stresses  resulting  from  the  aerodynamic  sollicitations  wich  are  often 
close  to  fundamental  resonant  frequencies  of  the  bladings.  Let  us  remember  that  the  ro- 
tating stall  calls  generaly  propagate  circumferentialy  with  a peripheral  velocity 
close  to  half  the  one  of  the  compressor  rotor. 

Classical  solutions  are  ; first  stages  blades  strenghtenings  (part  span  shrouds' , varia- 
ble geometrie,  bleed  valves  to  derive  a part  of  the  compressor  mass  flow. 

From  the  preceeding  observations,  one  realizes  the  necessity  to  develop  theoretical 
prediction  tools  applicable  both  for  compressor  aerodynamic  performances  predictions  and 
unsteady  aerodynamic  loadings  of  the  blades. 

A great  deal  of  work  was  devoted  in  the  past  to  study  the  two  described  phenomenons 
and  we  will  just  named  here  some  of  them,  concerning  the  detailed  flow  investigations, 
theoreticaly  and  experimentaly . 

The  non  uniform  flow  field  going  through  the  compressor  can  be  approximated  using  the 
linearized  flow  equations  (ref .4 , 5, 6, 7) . This  does  not  enable  the  prediction  of  the  flow 
evolutions  with  large  perturbations  or  close  to  the  surge  line. 

Non  linear  analysis  were  introduced  to  treat  the  steady  state  problem,  i.e.  distortion 
by  ADAMCZYK  and  CARTA  (incompressible)  (ref. 8)  and  MAZZAWY  (compressible  + correlations) 
(ref  .9)  . 

In  the  unsteady  flow  cases,  i.e.  rotating  stall,  TAKATA  (incompressible)  (ref. 10)  and 
ORNER  (compressible)  (ref.  11)  have  presented  two  of  the  most  important  contributions. 

All  those  theories  concern  the  aerodynamic  aspects,  but  potentially  contain  the  pos- 
sibility to  be  used  in  vibration  analysis  by  inclusion  of  the  blade  mechanical  characte- 
ristics. However,  this  was  not  yet  done,  at  the  author's  knowledge. 

On  the  experimental  side,  important  contributions  are  due  to  LECHT  and  WEYER  (ref. 12), 
MOKELKE  (ref. 7)  and  PEACOCK  (ref. 13) . 

Our  own  contribution  to  the  problem  deals  with  the  study  of  the  inlet  flow  distortion 
effects  theoret'icaly  and  experimentaly.  We  have  decided  to  restrict  our  analysis  to  total 
pressure  distortions  influences. 

The  theoretical  model  (ref. 14)  is  developped  to  eliminate  some  restrictions  previously 
introduced  i.e.  small  perturbations  and/or  compressibility. 
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The  experimental  aspect  treats 

- the  global  aerodynamic  compressor  response 

- the  study  of  the  internal  flow  field  (in  connexion  with  theoretical  predictions) 

- the  rotating  stall  characteristics,  with  the  interaction  due  to  the  presence  of  a 
steady  state  pressure  distortion 

- the  blade  mechanical  stresses  and  vibration  character iatics  in  presence  (of)  the  aero- 
dynamic phenomena  described. 

2.  THEORETICAL  MODEL 

A one  stage  axial  flow  compressor  is  modeliaed  as  shown  on  figure  1. 
ihe  hypothesis  for  the  flow  outside  the  blade  rows  are  > non  viscous,  two-dimensional 
stationnary.  The  flow  remains  subsonic  in  the  absolute  frame  of  reference. 

The  steady  state  Euler  equations  are  expressed  in  function  of  the  main  variable  v- 
(stream  function),  for  the  flow  outside  the  blade  rows.  ~ 

The  detailed  equations  derivations  are  reported  in  reference  14. 

One  obtains  finaly 
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A second  equation  is  necessary  to  describe  the  flow  field,  calculating  the  specific  mass 
, i.e.  the  energy  conservation  equation. 
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The  subsonic  solution  coming  from  equation  (2)  is  chosen  (cfr.  hypothesis) . 

The  solution  of  this  equation  is  determined  using  a finite  difference  technique 
applied  to  equation  (1)  on  the  domain  presented  on  figure  1. 

If  the  boundary  conditions  of  that  domain  can  be  specified  on  the  outer  limits,  the 
internal  B.C.  formed  by  the  blade  rows  have  also  to  be  evaluated.  Thus  transfer  functions 
at  the  blade  rows  were  defined,  i.e.  relating  the  inlet  and  outlet  flow  fields  at  the 
rotor  (ref. 14)  : 
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To  derive  these  equations,  acoustic  Strouhal  number  and  relative  mass  flow  fluctuations 
are  considered  to  be  small. 

The  variation  of  entropy  through  the  rotating  blade  row  results  of  two  contributions. 

1.-  Entropy  transport  through  the  blade  channels,  depending  on  the  inlet  entropy  non  uni- 
formities 
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2.-  Viscous  generation 
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To  model ise  the  exit  stator,  a semi -actuator  disk  approach  is  followed.  The  NACA 
correlations  are  used  to  evaluate  the  circumferential  distribution  of  losses  and  devia- 
tion angles. 


The  exit  boundary-condition  expresses  the  annulet  ion  of  the  circumferential  static 
pressure  gradient  at  outlet. 

This  condition  is  formulated  by  the  momentum  equation,  projected  along  the  direction. 
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A parametric  study,  based  on  the  present  model,  shows  the  respective  importances  of 
different  compressor  parameters  (ref. 14).  The  beneficial  effects  of  large  blade  chords 
(fig. 2)  and  high  blade  stagger  angles  (fig. 3)  is  demonstrated,  among  other  aerodynamic 
influences,  i.e.  aerodynamic  loading,  distortion  circumferential  extent  etc  ... 

A comparison  is  made  between  the  theoretical  model  predictions  and  the  experiments. 
This  will  be  discussed  after  the  description  of  the  experimental  procedures  and  results. 


3.  S&ES&IBSfim  STUPY 

3.1.  Experimental  test  set  up 

Tests  were  done  on  the  high  speed  compressor  test  facility  R4  of  the  Von  Harman  Ins- 
titute. This,  facility  is  a closed  loop  with  intermediate  cooling  in  the  settling  chamber. 
The  test  fluid  was  air  at  a pressure  closed  to  atmospheric  pressure. 


The  compressor  rotor  has  the  following  main  characteristics  t 
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The  downstream  stator  is  formed  by  30  blades  located  2 chords  sway  from  the  rotor.  It 
turns  the  flow  back  towards  the  axial  direction. 


A distortion  support  is  mounted  3 rotor  chords  upstream,  of  the  rotor.  The  rotation  of 
the  support  enables  to  record  circumferential  non  uniformities  of  the  flow  field.  A rec- 
tangular screen,  mounted  on  the  support,  generates  an  inlet  total  pressure  distortion 
(fig. 4.) 


A different  instrumentation  is  used  to  record  the  aerodynamic  performances  (pneumati- 
cal  probes  and  transducers  with  automatic  data  acquisition) ; the  rotating  stall  characte- 
ristics (hot  wires)  and  the  blade  vibrations.  For  this  last  task,  a strain  gauge  bridge 
is  mounted  at  the  root  section  of  a rotor  blade,  approximately  at  mid-chord.  The  electri- 
cal signal  is  transmitted  from  relative  to  absolute  motion  using  rotary  mercury  contacts. 
The  different  probes  locations  in  the  test  section  are  presented  on  figure  5. 

3.2.  Aerodynamic  performances 

The  global  influences  of  different  distortion  configurations  are  investigated,  va- 
rying syatematicaly  the  circumferential  extant  of  the  perturbation  sone(s). 

The  loss  in  stall  margin  increases  going  from  a 180°  distortion  configuration  to  a 
120°  situation  (fig. 6) . This  evolution  agrees  with  the  simple  parallel  compressor  analy- 
sis assuming  outlet  total  pressure  constant, 

8M  - 1 - fa  am 
P0l  MEAN 

where  P01  MINI  • minimum  total  pressure  a inlet 
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The  situation  is  stabilised  and  moreover  improved  from  D120  to  D2  x 45  (two  distor- 
tions sectors  of  45°  degrees  each.).  This  is  due  to  the  existence  of  the  unsteady  flow 
behaviour  in  the  distorted  region,  which  delays  the  blade  boundary  layers  separations. 

For  decreasing  unitary  extents  of  distortions,  the  loss  in  stall  margin  is  going  down. 

An  improved  parallel  compressor  model  is  proposed  (ref. 15)  to  take  into  account  these 
unsteadyness  influences.  The  global  performances  predictions  reach  a very  good  degree 
of  agreement  with  experiments. 

In  order  to  have  a deeper  insight  and  understanding  of  the  internal  flow,  detailed 
measurements  are  necessary.  They  were  performed  circumferentially  and  radialy.  A typical 
example  of  obtained  map  is  shown  on  figure  7,  for  a rectangular  distortion  of  120°.  One 
can  immediately  trace  the  circumferential  variations  of  incidence  angles  leading  to  cir- 
cumferentially varying  blade  loadings.  The  correlation  of  the  traces  of  P01,  P02  and  T02 
shows  the  increased  loading  in  the  distortion  "wake"  with  a noticeable  peak  just  at  the 
exit  of  the  distorted  zone  (exit  is  defined  with  reference  to  the  rotor  rotation) . 

A detailed  analysis  of  such  experimental  results  (ref. 15)  emphasizes  the  influences 
of  the  velocity  triangles,  from  tip  to  hub,  with  a far  better  behaviour  in  the  tip  region 
where  the  stagger  angles  are  much  higher  then  in  the  hub  region  (fig. 8).  This  agrees  with 
the  parametric  study  based  on  the  theoretical  model  (ref. 14) . 

Also,  the  distortion  circumferential  extent  was  recognized  as  a fundamental  parameter, 
enabling  us  to  link  the  global  compressor  performances  with  the  detailed  measurements  by 
an  insight  on  the  unsteady  blade  operation. 

Unfortunately,  we  were  not  able  to  establish  any  definite  correlation  between  steady 
and  unsteady  losses  coefficients  and  deviation  angles,  because  of  the  circumferential 
flow  redistributions  between  rotor  leading  and  trailing  edges  and  the  measurement  planes. 
This  is  still  a critical  point  in  order  to  be  able  to  predict  accurately  the  unsteady 
blade  loadings  due  to  distortions. 

The  detailed  flow  measurements  can  be  interprated  in  terms  of  blade  loadings,  using 
the  local  y , i characteristics  curves  (fig. 9,  10,  11). 

The  circumferential  blade  loading  distributions  evoluate  following  hysteresis  loops  which 
are  to  be  compared  with  the  ones  characterezing  isolated  airfoils  unsteady  operations 
(ref. 16,  17)  . 

The  surfaces  covered  by  these  hysteresis  loops  grow  with  reducing  radius  values.  The 
maximum  incidences  fluctuations  are  met  in  the  hub  region. 

Important  overloadings  are  observed  for  mid  and  hub  sections.  This  is  the  consequence 
of  boundary  layers  remaining  attached  to  the  blades,  even  at  incidences  higher  than  the 
stalling  ones,  i.e.  a dynamic  stall  delay  phenomenon. 

A reduction  in  the  operating  mean  mass  flow  produces  higher  incidences  fluctuations 
then  pressure  ratio  modifications;  this  is  due  to  the  shape  of  our  characteristics  having 
low  slopes . No  fundamental  changes  are  observed  when  operating  close  to  the  surge 
line.  However  the  maximum  incidence  value  is  submitted  to  a lower  growth  than  the  "out  of 
the  distortion"  one. 

The  unsteady  operation  curves  are  systematicaly  located  below  the  unperturbed  ones . 

The  reason  is  the  lower  efficiencies  encountered  when  operating  with  inlet  distortions. 

Our  coefficient  y being  a total  pressure  coefficient,  and  not  a work  coefficient,  in- 
cludes also  this  efficiency  information. 

For  our  specific  compressor  design  (i.e. free  vortex  with  axial  inlet  velocity)  it  is 
shown  that  the  dynamic  forces  applied  on  the  blades  with  a distorted  inlet,  are  much 
smaller  in  the  tip  than  in  the  hub  region,  thanks  to  smaller  surface,  hysteresis  loop  and 
smaller  incidence  fluctuations.  The  forces  fluctuations  in  the  hub  section  are  approxi- 
mately twice  the  one  existing  at  the  tip. 

This  confirms  the  parametric  study  of  reference  14,  and  emphasizes  the  improvements  given 
by  the  use  of  high  peripheral  velocities  on  the  two  aspects  of  distortion  attenuation  and 
blade  dynamic  forces  (low  y and  'f  ) . 

Having  presented  a theoretical  approach  to  solve  the  distortion  problem,  it  is  neces- 
sary to  compare  it  to  the  experimental  results  discussed  above. 

However,  it  is  important  to  notice  that  the  prediction  of  a rectangular  distortion  is 
particularly  difficult  due  to  high  flov’  gradients  induced  by  the  perturbation.  The  calcu- 
lation procedure  tends  to  smooth  out  the  circumferential  variations  of  /Ov  as  the  stream 
function  y is  our  main  variable.  This  point  can  explain  some  of  the  discrepancies  between 
theory  and  experiments. 

The  figure  12  summarises  the  outlet  total  pressure  field  predictions,  for  different 
radius  locations.  The  accuracy  reached  is  satisfactory  despite  some  discrepancies  in 
the  distortion  edges  regions  due  to  s 
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1.  Rectangular  distortion  (sec  above) 

2.  Dynamic  loss  models  used  (ref.lo)  consequence  of  the  lack  of  direct  measurements  resul- 
ting from  the  distance  separating  the  rotating  blade  row  and  the  measurement  plane. 
Thus,  the  dynamic  stall  region  existing  in  the  exit  zone  of  the  distortion  is  badly 
predicted . 

However,  the  proposed  theoretical  model  seems  to  be  a safe  basis  for  further  deve- 
lopments. A pseudo  three  dimensional  extension  is  actually  under  way. 

It  consists  in  the  superposition  and  coupling  of  cylindrical  planes  of  different  radii. 

The  radial  velocity  components  are  therefore  neglected  because  the  main  flow  fluctuations 
are  considered  to  interest  mainly  the  circumferential  direction. 

Couaequently , we  will  be  able  to  predict  the  unsteady  blade  aerodynamic  loadings  over  the 
radius . 

3.3.  Rotating  stall 

The  rotating  stall  characteristics  of  our  model  is  determined  using  nowadays  classic 
hot  wires  probes.  Two  of  them  are  located  with  a 180°  phase  angle  to  obtain  the  configu- 
rations of  figure  13.  Going  into  stall  induces  the  generation  of  two  cells,  diametraly 
located,  moving  at  56  % of  the  rotor  angular  velocity.  A further  closing  of  the  back 
pressure  valve  leads  to  surge.  When  reopening  the  throttle  valve,  a change  from  two  to  one 
cell  is  recognized,  this  last  configuration  keeping  almost  the  same  propagation  velocity. 
The  rotating  stall  cells  disappear  for  a higher  mass  flow  coefficient  than  the  one  exis- 
ting at  the  onset  of  the  phenomenon. 

The  two  aspects,  i.e.  different  mass  flows  and  cell(s)  configurations  when  going  in 
or  out  of  the  stall,  defines  the  hysteresis  loop  of  that  unsteady  phenomenon.  This  is 
emphasized  on  figure  14  where  the  compressor  pressure  increase  versus  a mass  flow  func- 
tion is  plotted,  at  mid  span. 

The  respective  locations  of  change  in  cell  configuration  is  indicated  by  2c — ^lc. 

There  is  no  stable  operation  point  between  the  maximum  and  the  minimum  values  of  the 
pressure  rise.  This  indicates  the  occurence  of  a large  stall  configuration  with  genera- 
tion of  a double  discontinous  characteristic.  Moreover  a radial  observation  of  the  flow 
shows  a simultaneous  onset  of  the  rotating  stall  over  the  whole  compressor  radius. 

Having  recorded  the  pressure  variations  in  function  of  the  back  pressure  for  diffe- 
rent compressor  rotational  speed,  it  is  important  to  notice  the  similarity  of  the  hyste- 
resis cycles.  That  shows  that  even  at  high  speeds,  up  to  conditions  where  compressibility 
begins  to  play  an  important  role,  the  same  rotating  stall  characteristics  are  conserved. 
This  is  important,  as  noticed  earlier,  for  the  compressor  "surge"  line  prediction. 

According  to  GREITZER  (ref. 2),  a coefficient  is  introduced  to  separate  the  rotating 
stall  and  surge  regions. 

B » 

V « Plenum  volume 

P 

Ac  - comp,  cross  section 

= Comp,  length 
U - Periph.  veloc. 

a - Sound  velocity 

For  B > 0.7  a surge  phenomenon 

<0.7  a rotating  stall  phenomenon. 

In  our  case,  at  the  rotational  speed  of  8000  RPM,  we  observe  rotating  stall  with  a 
B * 0.52. 

Measurements  at  higher  speeds  were  not  performed,  to  avoid  any  blade  failure.  Up  to  that 
value  we  agree  with  the  GREITZER' s analysis. 

When  a distortion  is  located  in  front  of  the  compressor,  one  could  expect  significant 
changes  in  the  rotating  stall  characteristics. 

Indeed,  the  inlet  velocity  flow  field  is  completely  transformed  and  tends  to  modify  the 
equilibrium  of  the  flow  stream. 

In  fact,  no  significant  change  is  observed  neither  about  the  propagation  velocity  nor 
about  the  onset  of  the  cells  over  the  whole  radius. 

Moreover  the  cells  propagating  velocities  stay  constant  even  in  the  distortion  wake.  The 
number  of  cells  is  not  fixed  by  the  number  of  distorted  zones;  one  rotating  stall  call  is 
observed  with  two  lobes  of  distortions. 

This  tends  to  show  that  the  rotating  stall  phenomenon  responds  to  the  integral  or 
averaged  characteristics  of  the  compressor  and  not  to  local  particular  flow  evolutions. 
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3.4.  Blale  vibrations 

Our  atudy  being  devoted  to  unateedy  phenomena  related  to  the  rotating  blade  row,  we 
are  intereated  in  the  dynamic  atreaaea  applied  to  the  bladea.  Their  levela  and  the  vibra- 
tion character 1st ica  have  to  be  analyaed  with  reapect  to  the  excitation  aollicitationa, 
i.e.  rotating  atall  and  diatortiona. 

A gauge  bridge  and  an  electric  aignal  transmission  through  rotating  slip  rings  give 
an  image  of  the  stresses  occuring  in  the  root  section  of  a blade;  a priori  there  is  loca- 
ted the  moat  aollicitated  blade  section  both  in  traction  and  in  bending. 

When  rotating  stall  takes  place,  the  blade  vibrates  at  its  first  resonant  frequency 
in  bending  (fig. 15) . 

f = too  Ha  . 

res 

This  frequency  ia  quite  high  and  results  from  the  rigid  design  of  the  compressor  blades. 
There  is  a damping  of  the  oscillations  taking  place  between  the  impulses  sollicitating 
the  blade  crossing  a stall  cell. 

The  stresses  produced  in  the  root  section  are  for  that  case  (N  » 5300  trs/min)  t 
centrifugal  and  steady  bending  : 

G“'1  “ 60.10  ’ pascals 
unsteady  fluctuations  > 

CT,  “ + 115 . lO^  pascals. 

For  higher  rotational  speeds,  the  traction  stresses  will  increase  quadratically  with  IT 
» lOO. 10^  pascals  at  10.000  RPM. 
while  the  bending  stresses  will  increase  proportionaly  with  Sx  . 

The  unsteady  term  increases  also  proportionaly  with  IT  . (tests  done  at  / velocities  lower 
than  5000  RPM) . 

Extrapoling  our  measurements  to  10.000  RPM,  we  reach  j 
0”  » (170  + 230). 10J  pascals. 

From  those  values,  we  see  that  the  dynamic  term  is  of  the  same  order  of  magnitude  than 
the  steady  state  one  and  can  pushes  the  stresses  to  a very  high  level  with  respect  to  the 
material  (here  steel  with  elastic  limit  at  900. lO6  pascals) . Furtheron,  the  blade  are 
aollicitated  in  the  fatigue  mode  and  not  atationnarily . 

A steady  state  inlet  distortion  induces  also  dynamic  stresses  to  the  rotating  blades 
(fig .16) . Each  time  one  blade  enters  in  the  distorted  region,  it  is  submitted  to  a large 
change 'in  incidence,  then  in  loading  (fig. 9,  10,  11).  Between  the  two  presented  cases 
there  are  two  differences 

a.  different  rotational  speed 

b.  different  distortion  intensity  (lower,  for  D 180) 

We  still  recognise  a blade  vibration  at  400  HZ  with  a characteristic  impulse  by  revolu- 
tion taking  place  at  frequencies  of  lOO  HZ  (D  180)  and  166  HZ  (D  120) . 

There  is  a neat  damping  between  the  peak  aollicitationa. 

The  levels  of  dynamic  stresses  are  important  for  the  case  of  (D  120,  RPM  10.000)  than 
the  one  measured  for  the  rotating  stall  configuration. 

O'  j,..  - + 100. 10 6 < (T  . _ . ,_6 


diet 


rot 

stall 


+ 230.10 


However,  the  distortion  exists  at  high  speeds,  in  normal  operation,  while  rotating 
stall  is  met  generaly  at  lower  speeds.  Then,  the  distortion  impact  on  blade  vibrations  is 
the  most  dangerous  one,  and  it  can  reach  too  high  levels. 

Generaly  the  first  bending  mode  is  lower  than  the  figures  we  obtained  (480  HZ)  for  the 

first  compressor  rows.  In  that  case,  the  damping  between  the  exciting  flow  pulses  will  be 

lower,  this  increasing  the  risk  of  higher  dynamic  stresses  close  to  resonance. 

A premature  mechanical  failure  of  our  measurement  system  did  nod  enable  us  to  progress 

furtheron  in  that  study  which  is  of  the  utmost  interest. 


4.  CONCLUSIONS 

The  impacts  of  distortions  and  rotating  stall  are  enlighted  both  on  the  aerodynamic 
and  mechanical  points  of  view. 

The  compressor  global  performances  losses  are  related  to  different  distortion  confi- 
gurations and  analysed  using  detailed  flow  insights. 

A prediction  model  ia  presented  and  compares  successfully  with  the  experimental  results. 
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The  unsteady  blade  loading  fluctuations  show  the  magnitude  of  the  aerodynamic  forces 
acting  on  the  blades,  these  fluctuations  decreasing  with  the  blade  radius. 

The  rotating  stall  develops  over  the  whole  blade  span  and  induces  a discontinuous 
compressor  characteristic  curve.  A permanent  inlet  flow  distortion  does  not  seem  to  mo- 
dify the  rotating  stall  characteristics. 

The  blade  vibrations  induced  by  distorted  flows  (i.e.  inlet  flow  distortion  or  rota- 
ting stall)  are  of  the  same  order  of  magnitude  than  the  steady  state  stresses;  this 
could  influence  badly  the  life  duration  of  the  first  stage  compressor  blades. 

In  the  future,  the  proposed  theoretical  model  will  be  extended  to  quasi  tridimen- 
sionnal  compressor  configurations  with  the  aim  of  predicting  the  internal  flow  field 
and  the  unsteady  forces  fields  acting  on  the  bladings.  Furtheron,  precise  informations 
related  to  rotor  aerodynamic  characteristics  in  unsteady  operations  will  have  to  be 
collected  in  order  to  improve  the  model  predictions  (i.e.  losses  and  outlet  flow 


angles) 
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DISCUSSION 

J.Fabri,  France 

( 1 ) Votre  comparaison  theorie-calcul  s’appuie-t-elle  sur  une  thtorie  tri-dimensionnelle  ou  sur  I’application  de  la 
thtforie  hidirnensionnelle  a trois  rayons  differents? 

(2)  Contptez-vous  etablir  ulterieurement  une  theorie  tri-dimensionnelle? 

Reponse  d’Auleur 

( 1 ) Le  module  est  quasi-tridimensionnel.  Les  effets  d’ecoulements  radiaux  sont  negliges  devan!  les  variations 
circonferentielles.  Nous  "superposons”  done  3 calculs  2-D  a 3 rayons  differents  avec  une  condition  liinite  aval 
de  couplage  sur  la  pression  statique. 

(2)  Nous  ne  comptons  pas  developper  un  modele  completement  tridimensionnel,  ayant  la  conviction  que  le 
problenie  pourra  d^ja  etre  traite  tres  correctement  en  suivant  notre  approche,  pourvu  au’un  effort  de  recherche 
soit  fait  dans  le  domaine  des  fonctionsde  transfert,  instationnaires  des  rangees  d’aubes  (angle  de  deviation, 
pertes). 

M.Lecht,  FRCi 

What  kind  of  correlation  did  you  use  in  getting  the  unsteady  characteristics  \li  over  incidence  you  showed?  Did  you 

take  a circumferential  shift  into  account? 

Author’s  Reply 

Yes.  I link  upstream  and  downstream  flows: 

( 1 ) by  calculation  of  flow  mean  part  through  rotor 

(2)  by  correlation  of  0,  and  P02  profiles  (0,  relative  angle  upstream;  P02  total  pressure  downstream). 
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Rfaum* 

La  plupart  des  instability  a6ro4lastiques  rencontres  dans  les  turbomachines,  en  particulier  sur  le  premier  4tage  des  compres 
seurs,  se  produisent  dans  des  conditions  d’4coulement  que  I'on  ne  sait  pas  calculer  it  laide  de  la  th4orie  seule.  La  nature  mime 
de  ces  instability  n'est  pas  toujours  connue,  et  les  essais  en  soufflerie  de  grille  rectiligne  d'aubes  permettent,  en  premier  lieu,  de 
comprendre  le  micanisme  physique  des  phinomines  observes  dans  les  compresseurs.  Les  risultats  expirimentaux  sent  ensuite 
utilises  pour  ilaborer  des  modiles  mathimatiques  qui  servent  4 effectuer  des  calculs  de  privision. 

Une  nouvelle  soufflerie  de  grille  rectiligne  d'aubes  a iti  mise  en  service  4 I'ONERA  (Etablissement  de  Modanel  en  mars  1977. 
Elle  permet  de  simuler  les  icoulemems  subsoniques  et  transsoniques  jusqu’au  voisinage  de  Mach  1,  avec  des  incidences  atteignant 
12  degris,  et.  en  supersonique,  4 des  nombres  de  Mach  fixes  grace  4 des  tuyires  interchangeables. 

Les  premiers  essais,  dans  cette  installation,  mettent  en  ividence  plusieurs  types  de  flottement.  L'itude  paramitrique,  dont 
on  donne  les  premiers  ryultats,  montre  I'influence  de  la  friquence  riduite,  de  I'incidence,  de  la  position  de  I'axe  de  tangage  et 
du  nombre  de  Mach.  Quelques  risultats  obtenus  en  supersonique  sont  igalement  donny. 


STUDY  IN  A STRAIGHT  CASCADE  WIND  TUNNEL  OF  AEROELASTIC  INSTABILITIES  IN  COMPRESSORS 
Abstract 

Most  of  the  aeroelastic  instabilities  encountered  in  turbomachines,  in  particular  in  compressor  first  stages,  occur  in  flow 
conditions  that  can  not  be  calculated  on  purely  theoretical  bases.  The  very  nature  of  these  instabilities  is  not  always  known,  and 
tests  in  a straight  cascade  wind  tunnel  should  make  it  possible,  first,  to  understand  the  physical  mechanisms  of  phenomena 
observed  in  compressors.  The  experimental  results  would  then  be  used  to  develop  mathematical  models  to  be  used  for  prediction 
calculations. 

A new  straight  cascade  wind  tunnel  entered  into  service  at  the  ONERA  Modane  Test  Centre  in  March  1977.  It  permits  the 
simulation  of  subsonic  and  transonic  flows  up  to  very  close  to  Mach  1 with  angles  of  attack  reaching  12  degrees,  and  of  super 
sonic  flows  at  fixed  Mach  numbers  thanks  to  interchangeable  nozzles. 

The  first  tests  in  this  facility  brought  to  light  several  kinds  of  flutter.  The  parametric  study,  of  which  the  paper  gives  the  first 
results,  shows  the  influence  of  reduced  frequency,  incidence,  pitch  axis  position  and  Mach  number.  A few  results  obtained  in 
supersonic  regime  are  also  given. 

Introduction . 


L 'etude  exp£rimentale  des  ph£nom4nes  aerodynamiques  dans  les  compresseurs  eux-roSmes,  ou  sur  des 
machines  simplifies  simulant  les  grilles  annulaires,  se  heurte  a des  difficulties  pratiquement  insurmonta- 
bles.  Les  montages  en  grille  rectiligne,  bien  que  criticables  4 certains  points  de  vue  (1)  sont  moins 
difficiles  A rdaliser.  Ils  sont  try  utilises  en  aerodynamique  stationnaire.  En  instationnaire , les  cou- 
plages  entre  les  aubes  et  les  reflexions  sur  les  parois  sont  tr£s  diffdrents  de  ceux  qui  existent  dans  les 
grilles  annulaires,  Les  effets  tridimensionnels  ne  sont  pas  reprCsenty.  Cependant,  si  on  construit  des 
grilles  conportant  un  asset  grand  nombre  d'aubes,  de  manire  A diminuer  les  effets  de  parois  et  4 se 
rapprocher  de  la  grille  de  longueur  infinie,  il  est  possible  d'atudier  trAs  correctement  les  ph£nomtfnes 
localises  qui  reprdsentent  une  grande  partie  des  instability  rencontr£es  dans  la  pratique,  flottement  de 
dflcrochage  par  exemple,  et  que  l'on  ne  sait  pas  atudier  sur  le  plan  tMorique. 

La  soufflerie  de  grille  rectiligne,  mise  en  service  4 I'ONERA  (Centre  de  Modane) , en  Mars  1977, 
simule  d'aussi  pr«s  que  possible,  les  conditions  dans  les  machines  rtfelles  dtudi£es  : taux  de  compression 
(ou  incidence)  , nombre  de  Mach  et  frequence  riduite,  Au  cours  de  cette  communication,  cette  installation 
sera  d^crite,  ainsi  que  les  mdthodes  de  raesure.  Quelques  risultats  d'essais  seront  pr^senty  montrant  le 
caractftre  des  instability  a^roeiastiques  en  4coulement  sub  et  transsonique , L 'application  des  ryultats 
au  compresseur  sera  dvoquy.  Tout  d'abord  la  nature  des  probldmes  de  stability  adrod lastique  qui  se  mani- 
festent  dans  les  conpresseurs  sera  rappely. 

Gdndralitds. 


Nature  des  vibrations  dans  les  turbonwchine s . 

11  y a deux  categories  principales  de  vibration  : celles  qui  sont  dOes  4 la  nature  osclllatoire 
des  youlements  et  celles  qui  rdsultent  de  couplages  entre  l'dcoulement  et  le  mouwement  des  a lire  s . Les 
premieres  sont  du  type  "oscillations  forcys"j  les  forces  qui  les  provoquent  sont  entldrement  inddpendantes 
du  mouvement  des  aubes  et  elles  existent  au  sein  mdrae  du  fluide  : excitations  4 des  frequences  multiples 
de  la  Vitesse  de  rotation,  ddcollement  toumant,  pompage,  etc...  Les  secondes,  qui  seules  font  l'objet  de 


la  pr£sentu  ytude,  sunt  dOes  d des  forces,  agissant  sur  les  aubes,  et  qui  sont  provoqu£es  par  leur  prop  re 
mouvement.  Ces  instabilities  ay  ro£  la  stiques  se  classent  en  trois  types  principaux  (voir  la  figure  1)  : 

- ie  flottement  de  d6crochage#  (z6ne  1) 

- les  flottements  sipersoniques , (z6ne  2) 

- les  flottements  de  blocage.  (zdne  3) 

Le  premier  type  de  flottement  se  produit  en  ^coulement  sub  ou  transsonique , quand  on  augruente  le 
vannage , c'est-d-dire  1' incidence,  d l'approche  de  la  ligne  de  pompage.  Comme  son  non  l'indique,  il  est  dG 
d des  ph^nomdnes  de  dycollement  de  la  couche  limite  sur  l'extrados  des  aubes. 

Le  flottement  suporsonique  se  manifeste  en  regime  yievy  de  rotation,  pour  des  n ombres  de  Mach 
nat  Lament  supersoniques  (jusqu'd  1,0).  Le  ctebit  reste  sensiblement  constant.  L' incidence  est  faible  et  ne 
semble  pas  avoir  beaucoup  d' importance  dans  le  m6canisme  de  cette  instability. 

Le  flottement  de  blocage  apparalt  en  rygime  d£vann£.  L'6coulement  est  sub  ou  transsonique. 

L' incidence  est  faible  ou  negative.  II  existe  surtout  dans  les  redresseurs , alors  que  les  deux  premiers 
af  fee  tent  les  roues  mobiles  (premier  etage). 

Les  deux  derniers  types  sont  caractyrisys  par  la  prysenee  d'un  choc  interieur  au  canal  interaube. 
Les  dyplacements  vibratoires  des  chocs  et  des  aubes  sont  synchronies,  avec  un  dfcphasage  qui  conditionne  la 
stability.  Ils  sont  prevus  par  la  thdorie  (1).  Mais  les  interactions  entre  la  couche  limite  et  les  ondes 
de  choc,  qu'aucune  thoorie  ne  prend  en  conjpte,  peuvent  les  accentuer  ou  les  affaiblir. 

II  semble  actuellement  que  le  flottement  de  dycrochage  soit  le  plus  repandu  dans  les  corapresseurs. 
Ceci  explique  l'effort  fait  par  l'ONERA  pour  traiter  ce  type  de  probiyme. 


Notations. 
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envergure  d'une  aube , 
nombre  de  Mach , 

coefficient  ayrodynamique  instationnaire  du  moment  rysultant  sur  une  aube, 

pression  gynyratrice  de  la  soufflerie, 

surface  portante  d'une  aube, 

vitesse  de  l'ycoulement  (iVsec) 

corde  d'une  aube, 

coefficient  ayrodynamique  instationnaire  du  moment  rysultant  mesury  en  grille 
rectiligne  (bidimensionnel) , 

angle  de  calage, 

angle  de  ddviation, 

amplitude  de  vibration  angulaire, 

angle  de  phase  mesury  en  soufflerie, 

angle  de  phase  relative  du  moment  rysultant  (par  rapport  au  mouvement  vibratoire 
d'une  aube  de  compresseur) 

cjy  for  robe  d'une  aube, 

fryquence  angulaire, 

fryquence  ryduite  ( <j.c/2V)  . 


Moyens  et  rndthodes  d'essais. 


Mythodes. 

- Mesure  des  pressions  instationnaires  : 


Les  efforts  instationnaires  sont  mesurys  au  moyen  de  capteurs  de  pression.  Ceux-ci  (20  d 25) 
sont  rypartis  ryguiiyrement  selon  la  corde,  cdty  extrados  et  c<5ty  intrados.  Les  membranes  sousibles  de 
ces  capteurs,  mont6s  d 1* interieur  de  La  maquette , sont  situ^es  S que 1 que s dixi^mes  de  millimetre  seule- 
ment  des  prises  de  pression,  de  fag on  d ne  pas  comme tt re  d'erreurs  sur  le  dyphasage  ou  le  module  de  la 
pression  dans  le  domaine  des  fryquences  considyryes  (infyrieures  d 700  Hz) . Les  capteurs  utilisys  sont 
du  type  Kulite.  Ils  sont,  soit  cylindriques,  quand  l'ypaisseur  de  la  maquette  est  assez  grande,  soit 
plats  (opaisseur  maximale  : 0,5  mm).  Les  figures  2a  et  2b  montrent  comment  ces  capteurs  sont  disposes  dans 
l'un  et  1 'autre  cas.  Les  ryponses  accy  1*5 roue triques  ne  sont  pas  nygligeables  : cette  correction  est  taite 
pendant  les  mesures  mymes.  Si  l'aube  se  dy forme  en  oscillant,  un  dGcouplage  du  capteur  est  nycessaire 
a fin  qu'il  ne  soit  pas  sensible  aux  contraintes  locales. 


- Mesure  des  pressions  stationnaires  : 

Toutes  les  tentatives  pour  mesurer  les  pressions  stationnaires  on  m6me  temps  que  les  pressions 
instationnaires,  e'est-d-dire  avec  les  m^mes  capteurs,  ont  montry  que  la  prycision  n'ytait  pas  suffisante, 
sauf  dans  certains  cas  particulars,  en  raison  des  derives  dQes  aux  variations  de  temperature.  Les  system's 
de  compensation  thermique  diminuent  l'erreur  mais  pas  assez  pour  avoir  une  bonne  prycision.  Un  systt'me  a 
yty  proposy  rycemment  (2)  mais  n'a  pas  encore  yty  essayy.  Il  est  done  pryfyrable  d'utiliser  une  avfce 
fahriquee  spycialemen t pour  les  mesures  de  pression  stationnaire , en  utilisant  la  methods  classique  du 
scaning- valve. 


Mesure  des  forces  et  moments  instat  lonnai  n?s: 
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Los  forces  et  moments  agissant  sur  toute  l'aube  sont  ob  tenues  soit  en  integrant  les  press  ions, 
soit  en  mesurant  les  variations  des  fryquences  et  des  amortissements. 

L'int6grale  des  pressions  se  fait  en  temps  n&el.  La  valeur  donn<>e  par  chaque  capteur  est 
affect^e  d'un  coefficient  de  pond*>ration  individual  qui  tient  compte , d'une  part,  de  la  surface  int^ress^e 
par  le  capteur  et,  d'autre  part,  de  la  distance  A l'axe  de  r^f^rence,  pour  le  calcul  des  moments. 

L'aube  est  montde  sur  rappel  yiastique  qui  lui  impose  une  frequence  de  resonance  et  un  aroortisse- 
roent  que  l'on  roesure  sans  vent.  Les  variations  awe  vent  sont  proportionnelles  aux  forces  et  moments 
globaux. 


Ces  deux  m^thodes  de  mesure,  entitlement  indbpendantes,  donnent  les  m£mes  r^sultats  si  l'dcoule- 
nent  est  bidiraenaionnei.  Lorsque  1' incidence  croft,  les  £coulements  secondaires,  qui  prennent  naissance  au 
voisxnage  des  parois,  aux  extrtSmitds  des  aubes,  ne  doiwnt  int^resser  qu'une  faible  partie  de  l'envergure. 
11  y a lieu  de  s'en  assurer,  et  le  moyen  le  plus  simple  pour  celA  est  de  comparer  les  r£sultats  donnas  par 
les  deux  m^thodes  de  mesure.  Dans  le  cas  oO  le  disaccord  est  important,  il  faut  agir  sur  les  n*glages  de 
la  soufflerie. 

- Soufflerie  : (figure  3) 

a)  Principales  caract^ristiques. 

La  soufflerie  a «*t6  congue  pour  l'ytude  des  flottements  sul^trans  et  supersoniques . Elle  est 
implant^e  au  centre  de  Modane-Avrieux  oQ  sont  situees  les  grandes  souffleries  de  1 'ONERA.  Elle  consiste 
en  une  grille  rectiligne  de  6 A 10  aubes  (selon  le  pas  relatif).  Les  deux  aubes  centrales  peuvent  dtre 
mises  en  vibration  A des  frequences  situoes  entre  50  et  600  Hz  environ.  Les  mouwments  d'oscillation 
s'effectuent  soit  en  tangage  autour  d'un  axe  quelconque,  soit  en  translation  (pompage)  . 

L' angle  de  calage  possible  (front  de  grille  par  rapport  au  plan  moyen  tangent  au  bord  d'attaque 
des  aubes)  va  de  15  A 60  degr£s.  L'angle  du  front  de  grille  par  rapport  d la  direction  de  la  vitesse  d 
l'infini  amont  peut  aller  de  10  d 75  degres.  L'  incidence  (plan  moyen  tangent  au  bord  d'attaque  des  aubes 
par  rapport  d la  direction  de  la  vitesse  d l'infini  amont)  est  r£glable  de  -5  d 15  degr£s,  par  rotation 
d' ensemble  de  la  grille.  Le  calage  n'est  done  pas  modifiy  par  cette  variation  de  1' incidence. 

La  veine  trans  sonique  per  met  des  n ombres  de  Mach  situ^s  entre  0,4  et  1,0.  La  pression  g6n6ratri- 

ce  va  de  1 d 2,5  bars.  La  premidre  veine  supersonique  a yty  congue  pour  Mach  1,45  et  elle  admet  une  pres- 

sion g^n^ratrice  de  4 bars. 

La  longueur  de  la  grille  est  de  600  mm  et  sa  largeur  (envergure  des  aubes)  est  de  120  mm. 

b)  Fonctlonnement. 

La  soufflerie  est  aliment^c  par  do  l'air  sous  pression  contenue  dans  des  spheres,  elles-m^mes 
ali mantles  par  un  conpresseur  puissant.  Cette  soufflerie  d rafales  est  pratiquement  une  soufflerie  conti- 
nue en  sub  et  transsonique,  car  le  corap  res  sour  maintient  la  pression  dans  les  spheres  d un  niveau  suffi- 
s ant  pendant  des  souffles  de  plus  d*une  heure. 

La  periodicity  de  l'ycoulement  dans  les  canaux  de  la  grille  est  contrdlye  au  moyen  de  30  prises 
de  pression  situ£es  sur  la  paroi  au  voisinage  de  la  grille  (amont  et  aval)  . Cette  periodicity  est  obtenue 
en  ryglant  les  volets  A l'aval.  Le  tenps  de  ryglage  est  de  l'ordre  de  2 minutes.  Des  exemples  de  la  pyrio- 

dicity  sont  donnys  par  la  figure  4 qui  perroet  de  se  faire  une  idye  de  la  quality  du  ryglage  A Mach  et 

incidences  yievyes. 

Les  dispositifs  de  fixation,  de  suspension  et  d'excitation  des  aubes  sont  placys  de  fagon  A 
pouvoir  visualiser  et  sonder  par  voie  optique  (strioscopie , orabroscopie , vylocimytrie  laser)  la  totality 
du  canal  interaube  central.  Les  phynomt'nes  instatiorvnaires  sont  enregistrys  par  un  syst^mes  strioscopique 
ou  ombroscopique  A ytincelles  (exemple  s figure  5). 

- Grilles  : 


a)  Montage  des  aubes  : 

l^s  mesures  sont  effectuyes  sur  aube  fixe  (valeurs  stationnai res)  et  sur  aube  vibrante  excitye 
A 1 ' une  ou  1 'autre  des  fryquences  de  r6aonnance  l^osOes  par  les  dispositifs  de  suspension.  Ces  disposi- 
tifs, identiques  aux  deux  extrymitys  de  l'aube,  sont  encastrys  sui  deux  blocs  reliys  A la  soufflerie  par 
des  ressorts  de  faible  rigidity.  Ces  ressorts  filtrent  les  vibrations  prop  res  de  la  soufflerie  et  permet- 
tent  les  dilatations  de  l'aube  sans  engendrer  de  prycontraintes  g£nantes. 

Ce  dycoi|>lage  peut  6tre  supprime  si  l'on  effectue  des  mesures  de  pression,  ou  si  l'on  ne  dysire 

obtentr  que  la  partie  imaginalre  vies  forces  et  moments  globaux.  En  effet,  pour  que  les  pressions  in  sta- 
tionnai res  soient  va  lab  les,  11  sufflt  de  connaftre  avec  precision  le  mouwment  de  l'aube  aux  points  de 
mesure.  Ceci  est  possible  A condition  que  les  fryquences  de  rysonance  soient  yioignt'es  les  unes  des  aut  res 
et,  done,  que  les  nxxJes  propres  soient  peu  sensible*  A de  lygyres  variations  vies  conditions  d'encast rement . 

Ces  modes  propres  sont,  ainsi,  coanus  dans  le  vent  A partir  lies  essais  vie  vibration  sans  vent  et  la  mesure 

de  l'araplitude  aux  points  d'excitation  suffit  pour  connaftre  1' amplitude  en  n'lnporte  quel  autre  point. 

D' autre  part,  les  forces  et  moments  globaux  imaginaires , c'est-A-dire  en  phase  awe  la  vitesse  vie  vibra- 
tion, sont  calcuiys  en  faisant  la  di  f fy rence  entre  l'amortissement  awe  vent  ct  1 'amort i ssement  sans  vent. 
Ce  dernier  est  toujours  tr*s  petit  par  rapport  au  premier.  11  varle  peu  en  fonction  vies  conditions  d'en 
castrement  et  la  rapsure  reste  prycise. 
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b)  Excitation  des  aubes  : 

Elle  est  faite  a l'aide  de  4 excitateurs,  dont  deux  sont  visibles  sur  la  figure  6.  Ces  excita- 
teurs  sont  couples  mAcaniqueroent  a des  capteurs  qui  mesurent  la  vitesse  de  vibration  au  point  exact 
d'application  de  la  force  sinusoldale.  Dans  ces  conditions,  il  est  facile,  par  asservissement , de  crAer 
un  amortissement  artificiel  de  valeur  suffisante  pour  contrer  les  aroorti s semen ts  aArodynamiques  nAgatifs. 

On  Avite  ainsi  des  instabilitAs  destruc trices,  et  l'on  peut  effectuer  des  mesures  a 1'intArieur  des 
domaines  de  flottement. 

- Acquisition  et  dApouillement  : 

Les  signaux  analogiques  des  pressions,  de  la  portance  et  du  moment  instationnaires  (calculus 
en  temps  rAel  par  sommation  des  pressions)  sont  enregistrAs,  apres  filtrage,  sous  forme  num^rique,  au 
moyen  d' un  Achantillonneur  bloqueur  et  d'  un  multiplexeur.  Ainsi,  64  voies  peuvent  Atre  sondAes  simulta- 
nAment  A une  cadence  totale  de  120  KHz  environ. 

Le  dApouillement  est  fait,  soit  en  temps  quasi-reel,  soit  en  temps  diffArA,  au  moyen  d'un 
calculate ur  HP  2100  associA  A un  systeme  de  Fourier. 

Les  rAsultats  sont  obtenus  sous  forme  de  module  et  phase  (par  rapport  au  mouvement  de  vibration 
des  aubes).  Le  cas  AchAant,  tous  les  harmoniques  peuvent  Atre  obtenus  jusqu'A  la  frequence  maximale  de 
calcul.  Cette  frequence  depend  de  la  frequence  d'Achantillonnage  employee  a 1 'enregistrement . 

- Definition  du  domaine  d'ecoulement  a simuler  : 

Le  domaine  a Atudier  est  dAterminA  d'aprAs  les  rAsultats  des  essais  qui  sont  effectuAs  sur 
compresseur  chez  le  constructeur. 

Les  mesures  sont  faites  par  deux  mAthodes  diffArentes  : 

a)  sondes  optiques  : 

Elies  donnent  les  frequences  et  amplitudes  de  vibration  de  1' ensemble  des  aubes  a la  limite 
du  domaine  d' instability . 

b)  Jauges  de  contrainte  : 

Quelques  aubes  seulement  peuvent  Atre  Aquip^es.  Mais  cela  permet  de  connaftre  les  amortisse- 
ments  de  tous  les  modes  propres  des  aubes  sur  tout  le  chemin  parcouru  dans  le  diagramme  pression-debit , 
par  analyse  de  la  rAponse  a la  turbulence. 

Exemples  de  rAsultats  obtenus  a 1' occasion  d* essais  pour  un  compresseur  MG  1. 

- Essais  sur  le  compresseur  : 

Une  z6ne  de  flottement  de  decrochage  assez  Atendue  (zone  1 sur  la  figure  1)  apparaft  entre  la 
ligne  de  fonctionnement  nominale  et  la  ligne  de  pompage.  Les  nombres  de  Mach,  a la  frontiAre  de  ce  domaine 
d' instability , vont  de  0,75  A 0,95,  avec  des  incidences  entre  6 et  15  degres  environ.  Les  Mach  et  inci- 
dences considyrys  sont  ceux  de  la  coupe  de  tyte  de  l'aubage  du  premier  Atage,  pour  des  raisons  qui  seront 
exposees  plus  loin. 

La  figure  7 montre  un  spectre  de  la  ryponse  a la  turbulence,  a l'approche  du  flottement. 

L' analyse  de  ce  spectre  montre  que  1' amortissement  diminue  et  l'on  peut  ainsi  p re  voir  le  flottement  avant 
1' apparition  des  vibrations. 

Dams  ce  spectre,  il  faut  distinguer  les  raies  qui  sont  dQes  a des  reponses  vibratoires  a des 
fryquences  multiples  de  la  vitesse  de  rotation  (les  plus  fines)  des  raies  qui  sont  dfles  a des  ryponses 
vibratoires  des  aubes  sur  leurs  frequences  propres,  excitees  par  la  turbulence  (raies  plus  larges).  Il 
faut,  pour  que  1' analyse  soit  valable,  que  ces  demiAres  soient  nettement  syparyes  des  premiyres,  c 'est- 
A-dire  que  les  vitesses  de  rotation  soient  choisies  au  cours  myme  de  l'essai. 

- Essais  en  grille  : 

Les  rysultats  presentes  con  cement  un  mouvement  vibratoire  de  tangage  autour  de  la  mi-corde 
de  l'aube,  A des  fryquences,  nombres  de  Mach  et  incidences  variables.  Les  mesures  donnent  le  module  du 
coefficient  ayrodynamique  instationnaire  de  moment  mg  (biq  =f/2  c/fe  ~ ) • et  sa  Phase  Par  rapport 

A la  force  de  rappel  my c an i que  (c 'est-A-dire  par  rapport  A 1* accelA ration  cngulai re) . Dans  ce  repere , si 
0 est  compris  entre  180  et  360  degrys,  l'aube  est  instable  (amortissement  ayrodynamique  nygatif.). 

Les  pressions  sont  mesuryes  syparyment  du  c<5ty  de  l'extrados  et  du  cdtA  de  l'intrados. 

A l'intrados,  les  valeurs  sont  peu  diffyrentes  de  celles  qui  existent,  A incidence  nulle  ou  faible, 
c' est-A-dire  des  valeurs  thyoriques  calculees  en  fluide  parfait,  quel  que  soit  le  braquage  de  l'aube. 

C'est  done  du  cdty  de  l'extrados  que  la  connaissance  de  la  rypartition  des  pressions  est  la  plus  importante 

et  il  ne  sera  question  dans  ce  texte  que  des  mesures  A l'extrados. 

Le  coefficient  de  pression  Kp  (Kp  =-j/;P^s}s'Pn ) est  <§valu<§  de  la  mime  manidre  que  le  coeffi- 

cient  global  du  moment  mg  , en  module  ( |KpJ  ) et  en  pnase  avec  les  rndmes  ryfyrences. 

a)  Influence  de  la  fryquence  : (figures  8 et  9) 

A trAs  basse  fryquence,  le  module  de  mQ  est  donny  par  l'intygrale  de  la  diffyrence  des  pressions 
statlonnaires  aux  positions  extrAmes  que  prend  l'aube  au  cours  de  l'oscillation.  Qu£md  il  y a dycollement, 
les  rApartitions  de  pression  sont  trAs  diffArentes  de  celles  qui  existent  A incidence  nulle  ou  faible,  et 
le  coefficient  mQ  est  trAs  diffArent  de  celui  calcule  par  la  thAorie  linAaire,  mQ^  . On  pourrait  s'at- 
tendre,  nAanmoins,  A ce  que  sa  valeur  se  rapproche  de  quand  la  frAquence  augmente.  Il  n'en  est  rien , 
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du  contraire  ; iuq  croft  (or tenant  avec  la  frequence,  comme  le  muntre  la  figure  8.  Cependant,  la  variation 
de  la  phase  est  telle  que  1 'amortissement  agrodyn  antique  devient  positif  au-dessus  d'une  certain©  valeur 
de  la  frequence  rodxute,  et  eeei  quel  que  soit  le  nombre  de  Mach  ou  1' incidence. 

On  volt,  sur  la  figure  9,  les  repartitions  de  pression  correspondent  dux  resultats  olobaxtx 
de  la  figure  precedent©.  Au  cours  de  1 ' integration  des  pressions,  pour  avoir  le  raonwnt  par  rapport  A 
l'axe  de  tangage , les  valours  dans  les  quadrants  2 et  4 donnent  des  result ats  negatifs,  et  celles  des 
quadrants  1 et  3,  des  resultats  positifs.  On  constate  que  1 'instability , lorsqu'elle  exist©,  est  prin- 
cipalement  dOe  aux  pressions  vers  le  bord  d'attaque.  C*i  re  marque  que  le  module  des  pressions,  |K  | , 

est  tres  different,  selon  la  corde,  des  valeurs  theoriques  calculges  sans  decolleraent. 

A noter  aussi  que  la  frequence  Joue  ^eu  sur  le  niveau  des  pressions.  L' influence  import  ante 
sur  le  couple  (iqq  ) provient  essential lement  des  differences  de  phase. 

b)  Influence  de  1* incidence  (figures  10  et  11)  : 

Le  module  do  iuq  a une  evolution  rapide  A parti  r d'une  incidence  de  2 deg  res.  11  passe  par  un 
maximum  tres  marque  vers  b degres,  puis  il  dScroit  jusqu'A  6 degres.  Ce  domaine  d'  incidence  correspond  A 
i' apparition  du  d6col lement  qui  s'etend  progressi vement  sur  toute  l'aube.  En  suite,  quand  l'ecoulement  est 
compie te men t decolle,  le  module  de  uiq  varie  peu  en  function  de  1 ' incidence . La  phase  evolue  beaucoup 
plus  reguliereroent  dans  tout  le  domaine  d* incidence  con side re. 

11  est  A noter  que  la  presence  d' un  choc  (d  Mach  0,8  par  exemple) , a une  action  importante  sur 
la  valeur  de  X' incidence  d laquelle  apparaft  le  decol lement.  Mais  quand  celui-ci  est  instalie,  le  compor- 
teraont  en  function  de  l'incidence  est  le  raerae  qu'aux  vitesses  faibles.  Ceci  peut  s'expliquer  par  le  fait 
qu'avec  un  decolleraent  important,  il  n'y  a plus  de  choc  d la  suriace  de  la  maquette  : 1' action  de  la 
couche  limite  l'enporte  sur  celle  du  choc. 

L* instability  apparaft  A des  incidences  de  plus  en  plus  eievees  quand  la  frequence  reduite 

augmente. 

La  progression  de  la  z<3ne  decoliee  se  voit  tres  bien  quand  on  regards  1 'evolution  des  reparti- 
tions de  pression  (figure  11).  Entre  le  bord  d'attaque  et  la  mi-corde,  le  sens  de  propagation  des  pressions 
va  du  bord  d'attaque  vers  le  bord  de  fuite,  en  1 'absence  de  decolleraent,  et  du  bord  de  fuite  vers  le  bord 
d'attaque  en  presence  de  decollement  (voir  la  phase  en  fonction  de  l'incidence).  En  me me  temps,  le  maximum 

du  module  de  K recule  du  bord  d'attaque  vers  le  bord  de  fuite. 

P 

c)  Influence  du  n ombre  de  Mach  (figures  12  et  13)  : 


Le  nombre  de  Mach,  dans  certaines  liraites,  qui  <A£pendent  de  l'incidence  (inf£rieur  A 0,8S  dans 
le  cas  de  la  figure),  a peu  d'influence  sur  le  module  et  m^rae  sur  la  phase.  Au  del  A d'une  certainc*  valeur, 
quand  le  choc  est  assez  fort,  il  y a une  modi f i cation  rapid©  du  type  d'ycoulement  : le  d£collement  on 
araont  du  choc  dispa raft.  En  m£me  temps,  1 ' amortis semen t devient  positif. 

La  repartition  des  pressions  garde  la  n*§me  allure  au-dessous  de  ce  nombre  de  Mach  limite.  On 
note  seulement  une  lygere  translation  des  courbes  aussi  bien  sur  le  module  que  sur  la  phase. 


plication  au  compresseur  : 


Selon  certaines  hypotheses,  la  stability  a£roy lastiquo  des  aubes  du  compresseur  «*el  peut  £tre 
calcuiye  directement  A partir  des  rysultats  des  raesures  effectives  en  soufflerie  de  grille  rectiligne. 
Ces  hypotheses  sont  les  suivantes  : 


- Bidimensionnality  de  l'ecoulement  par  tranches,  c'est-A-dire  tranches  ind£pendantes  et  ecou- 
lements  se  con  da  ires  tridimenaionnels  nggligeables , 

- Couplage  at* rodynamique  entre  les  aubes  faible  par  rapport  aux  phenomena*  localises. 

Dans  le  cas  du  flottement  tie  decrochage,  ces  conditions  sont  assez  bien  satisfaites. 

11  faut,  d'autre  part,  connaftre  : 

- L'incidence  et  le  nombre  de  Mach  locaux  en  fonction  de  l'envergure  dans  le  diagramme  pression* 
debit  : ces  valeurs  sont  calcuiees. 

- Le  ou  les  modes  propres  de  vibration  : ils  sont  caicxU.es  (seul  moyen  de  les  connaftre  en 
fonction  de  la  vitesse  de  rotation).  Le  calcul  peut  £tre  vorifie,  A vitosse  nulle,  experiraentalement  sur 
une  aube  ©noas tree. 

Considerons,  par  example,  le  cas  d'une  aube  pour  laquelle  1 ' instability  con  ce  me  le  premier  mods 
de  torsion.  La  partie  reelle  du  moment  des  forces  instationnaires  est  donne  par  : 

M0: 

et  la  partie  imagtnaire  par  : 

Mq: 

d'oO 

. -1  Mo 

* -•  ‘9 

L'aube  est  instable  si  if  ost  eon^ris  entre  180  et  160  degres  (m^^o) 


-1 - £ m0(*)  cos$(x)  U,*  ^ ( x ) dx 
-L  f rr\Q(x)  tm$(x)  ^*(x)  dx 

L Jo 


V(*)  est  la  do  fcrmda  du  mode  con  side  re  piojetoe  sur  les  normqles  au  squelett©  do  l'aube 


V ( x ) et  # ( x ) ne  sont  pas  des  f one t ions  analytiques  de  x (position  en  envergure) . Un  calcul  par 
tranche  est  done  effectuE.  On  a : 

men  cos  ®n  * n ) 

“ f>;l 

Mg; l men  sin  U>*( x n , 

N nr  1 

avec  : N : nombre  de  tranches  quand  x va  de  0 a L. 

En  toute  rigueur,  il  faudrait  essayer  en  soufflerie  les  profils  correspondant  aux  diffErent.es 
tranches.  En  fait,  la  fortune  (figure  14)  ne  prEsente  de  yrandes  amplitudes  qu'au  voislnage  de  la  coupe 
de  tEte,  et  l'Energie  introduite  par  les  forces  aErodynamiques  est  concentric  d 90  * vers  1'extrEmitE  de 
l'aube.  II  peut,  nEanmoins,  exister  des  cas  oQ  l'essai  de  de  ox  ou  trois  profils  serait  nEcessaire. 


Conclusion  . 

La  soufflerie  de  grille  rectiligne  d'aubes  de  l'ONERA,  mise  en  service  en  Mars  1977  est 
opErationnel le  depuis  le  dEbut  de  1978  en  sub  et  transsonique . Des  essais  en  super sonique  (tuyEre  A 
Midi  1,45)  serunt  effectuEs  prochainement.  Les  mEthodes  de  me  sure  des  forces  aErodynamiques  s'appuient 
essentiellement  sur  des  capteurs  de  pression,  congus  et  fabriquEs  en  1978  et  logeables  dans  un  profil 
dont  lVpaisseur  est  infErieure  d 0,8  mm.  Ils  ont  donnE  d'excellents  rEsultats. 

La  connaissance  des  repartitions  de  pression  en  module  et  en  phase  et  de  leur  Evolution  en 
fonction  lie  1' incidence,  de  la  frequence  et  du  n ombre  de  Mach,  est  nEcessaire  <1  1 'Elaboration  d'un 
modole  mathEraatiquu  des  forces  instationnaires.  On  constate  qu'en  presence  d'un  Ecouleraent  dEcollE 
celles-ci  sont  trEs  diffE  rentes  des  valeurs  calculEes  sans  dEcollement  de  couche  limite.  Le  plus  souvent, 
dies  ne  sont  pas  du  mime  ordre  de  grandeur.  11  serait  done  vain  d'eapErer  obtenir  de  bons  rEsultats 
thEoriques  sans  prendre  en  corapte  la  couche  limite  qui  joue  un  r61e  primordial  dans  le  roEcanisrae  de  ees 
instabilitEs.  Les  rEsultats  obtenus  expErimentalemen t peuvent  Etre  utilisEs  directeraent  pour  amEliorer 
la  forme  lies  profils  ou  pour  connaltre  les  meilleures  conditions  de  calage  et  de  pas  relatif,  par 
exemple,  ce  qui  est  dejd  trEs  important  pour  les  constructeurs . Mais  il  est  souhaitable  que  cette  Etude 
ne  reste  pas  purement  empirique,  et  pour  celd  il  est  nEcessaire  qu'un  effort  thEorique  soit  portE  sur 
1 'Etude  de  la  couche  limite  dEcollEe. 
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Fig  9 Repartition  de  press  ions  ( ex  tr ados)  Influence  de  la  frequence. 
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Fig  to  Module  et  phase  du  moment  mstationnaire.  Influence  de  iincidence 


DISCUSSION 


J.Colpin.  Belgium 

Le  couplage  du  stall  flutter  et  du  decollement  tournant  au  niveau  des  characteristiques  de  I’ecoulement  dans  cette 
zone.  Est-ce  que  vous  pourriez  donner  des  commentaires,  est-ce  que  vous  decouplez  completement  les  deux 
phenomenes,  est-ce  que  vous  pensez  qu’il  y a des  interactions? 

Reponse  d’Auteur 

Je  ne  pourrais  pas  repondre  exactement  a votre  question.  Je  ne  connais  pas  tres  bien  les  caracteristiques  dans  le 
compresseur  meme.  Mais  les  essais  qui  ont  ete  faits  sur  ce  compresseur  montrent  bien  un  flottement  de  decrochage 
independant  de  tout  autre  phenomene  et  particulierement  du  decollement  tournant.  Le  decollement  tournant  est 
un  phenomene  assez  coherent  tandis  que  ce  phenomene  la  est  completement  decouple.  On  arrive  a trouver  un 
flottement  sur  une  seule  aube.  c’est-a-dire,  on  arrive  a la  limite  du  flottement  sur  une  aube  qui  aurait  peut-etre  un 
angle  d’incidence  un  peu  plus  grand  que  les  autres  ou  une  imperfection  quelconque.  Les  autres  aubes  ne  commence- 
ront  a Hotter  que  plus  tard. 

II  est  possible  evidemment  qu’il  existe  par  ailleurs  un  flottement  bien  etabli  dans  toute  la  roue,  qu’il  y ait  un 
couplage  et  peut-etre  un  decollement  tournant. 

Mais  le  flottement  de  decrochage  est  independant  de  ces  autres  phenomenes. 


Commentaire  de  J.Colpin,  Belgium 

Si  je  peux  me  permettre  un  petit  commentaire,  on  a souvent  observe  du  cote  du  decollement  tournant,  juste  avant 
I’initiation  de  ces  phenomenes,  des  vibrations  a haute  frequence  qui  apparaissent  juste  avant  l’initiation  de  decolle- 
ment tournant.  L’origine  en  est  peut-etre  le  stall-flutter  de  certaines  des  zones. 


S.FIeeter  and  R.E.Riffel.  US 

Recognizing  the  many  difficulties  associated  with  obtaining  valid  unsteady  aerodynamic  data,  the  authors  are  to  be 
congratulated  for  their  valuable  contribution.  With  regard  to  the  mode  shape  resonance  difficulties,  was  the  high 
frequency  mode  shape  measured,  i.e.  was  the  spanwise  deformation  of  the  airfoil  leading  edge  determined  at  the  high 
vibratory  frequencies?  What  amplitudes  of  vibration  were  obtained  with  the  drive  system  and  was  the  mode  shape 
2-D,  i.e.  was  the  mode  line  truly  spanwise?  Also,  would  you  please  comment  on  your  calibration  procedures,  in 
particular,  the  static,  dynamic,  and  acceleration  calibration  procedure  and  the  resulting  corrections  to  the  data.  Was 
the  cascade  blade  profiles  scaled  from  an  actual  rotor  section  contour,  i.e.  same  blade  angles,  thickness-chord  ratios, 
etc.  or  were  the  sections  modified  for  the  lack  of  streamline  convergence  within  the  cascade. 

Author’s  Reply 

The  blade  mode  shapes  were  determined  by  means  of  transient  tests.  The  shapes  of  all  the  modes  up  to  a frequency 
of  800  Hz  were  obtained.  For  the  torsional  mode  in  question  in  the  paper,  the  spanwise  nodal  line  is  almost  exactly 
straight  (i.e.  2-D). 

Calibration  procedures  are  needed  only  for  amplitude  and  unsteady  pressure  measurements.  Standard  calibrated 
accelerometers  are  used  for  amplitudes  while  the  pressure  transducers  are  calibrated  by  means  of  a moving  piston 
type  pressure  reference  instrument. 

The  linear  cascades  tested  are  directly  scaled  from  the  blade  tips  of  actual  rotors  with  the  same  profiles,  blade 
angles  and  thickness  to  cord  ratios. 
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REVIEW  OF  THE  AGARO  S&M  PANEL  EVALUATION  PROGRAM  OF  THE 
NASA- LEW  I S "SRP"  APPROACH  TO  HIGH-TEMPERATURE  LCF  LIFE  PREDICTION. 

by  Marvin  H.  Hlrschberg 
NASA  Lewis  Research  Center 
Cleveland,  OH  44135 


SUMMARY 


Twenty  laboratories  In  six  countries  participated  in  this  program,  each  testing 
Its  own  materials  of  Interest  under  Its  own  laboratory  conditions.  In  this  way  the 
results  obtained  provided  validation  of  the  Strainrange  Partitioning  (SRP)  method  for  a 
wide  range  of  materials  and  insured  maximum  usefulness  to  each  of  the  part ic Ipat ing 
laboratories.  The  first,  very  necessary  step  In  the  evaluation  of  any  life  prediction 
approach  - assessing  the  ability  of  the  method  to  predict  life  of  simple  laboratory 
specimens  subjected  to  complex  loading,  was  thereby  taken.  The  culmination  of  this 
program  was  the  Specialists  Meeting  that  was  held  in  Aalborg,  Denmark  in  April  of  1978. 
At  that  meeting  the  various  investigators  shared  their  findings,  thus  providing  the 
basis  for  an  in-depth  evaluation  of  the  SRP  method.  While  the  results  were  variable 
from  laboratory  to  laboratory,  most  Investigators  agreed  that  the  SRP  method  was  a 
significant  step  toward  life  prediction  in  the  presence  of  high  temperature  and  cyclic 
stresses . 


INTRODUCTION 


Since  advanced  turbine  engine  materials  for  military  applications  are  being  used 
to  a high  fraction  of  their  ultimate  capabilities,  there  is  a great  need  for  more 
meaningful  high  temperature  mechanical  property  tests  on  these  materials  as  well  as  for 
Improved  analytical  techniques  for  predicting  their  service  life.  One  particularly 
vexing  problem  has  been  the  difficulty  In  describing  and  predicting  the  behavior  of 
materials  subected  to  the  high  temperatures  and  the  loading  conditions,  such  as  creep- 
fatigue  Interactions,  encountered  in  engine  component  service.  The  panel,  has  made  an 
attempt  to  address  this  problem  by  supporting  a cooperative  program  aimed  at  the 
evaluation  of  the  Strainrange  Partitioning  (SRP)  approach  for  the  analysis  and 
prediction  of  low-cycle  high  temperature  fatigue  life.  This  approach  involves  an 
entirely  different  way  of  dealing  with  creep-fatigue  Interaction  than  considered 
heretofore  and  is  a product  of  the  high  temperature  fatigue  research  conducted  at  the 
NASA  Lewis  Research  Center. 


WHAT  IS  SRP? 


Since  the  early  1950's,  a variety  of  materials  characterization  and  life 
prediction  techniques  have  been  developed  to  fulfill  the  immediate  needs  of  designers 
and  builders  of  high-performance,  energy-conversion  equipment  that  must  operate 
reliably  for  long  periods  of  time  at  high  temperatures . Although  most  of  the  approaches 
offered  some  unique  advantage,  they  all  had  deficiencies  of  one  sort  or  another.  Also, 
since  the  early  1950's  a large  quantity  of  high  temperature,  low-cycle  fatigue  data  has 
been  generated  on  a host  of  alloys.  In  many  Instances  these  data  were  determined  to 
answer  a single  specific  question  relative  to  a particular  design  requirement,  and 
little  regard  was  given  to  the  generation  of  data  that  would  have  general  applicability 
to  future  problems.  As  a consequence,  the  designer  Is  faced  with  a choice  of  life 
prediction  techniques  and  a vast  quantity  of  diverse,  sometimes  contradictory,  and 
often  Inappropriate  low-cycle  fatigue  test  data. 

It  was  out  of  this  environment  that  the  SRP  approach  was  formulated  In  1971 
(ref.  1).  In  the  Intervening  years  we  have  developed  considerable  insight  Into  Its 
capabilities  and  recognize  the  technological  impact  the  approach  offers  in  the  design 
of  components  that  must  resist  failure  due  to  the  Interaction  of  high  temperature  creep 
and  fatigue.  The  primary  advantage  of  SRP  rests  on  Its  high  degree  of  generality. 
Relatively  few  test  data  are  necessary  to  characterize  a material  In  terms  of  SRP,  and 
the  results  are  applicable  to  complex  strain  cycles.  Not  only  Is  the  approach  a general 
and  fundamental  one,  but  It  also  appears  to  offer  better  accuracy  than  other  available 
methods  In  predicting  life  than  has  been  possible  heretofore  (ref.  2). 
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REVIEW  OF  SRP  CONCEPTS 


The  Lewis  Research  Center  has  long  been  involved  In  the  development  of  theories 
and  approaches  for  dealing  with  low-cycle  fatigue  behavior  of  materials.  A most 
Important  transition  from  a stress  approach  to  a strain  approach  occurred  with  the 
formulation  of  the  Manson-Cof f I n law  (ref.  3).  We  then  went  to  the  total  strain 
approach  with  the  Inclusion  of  the  elastic  portion  of  the  total  strainrange  (ref.  4). 
The  Manson-Hl rschberg  method  of  universal  slopes  was  then  developed  (ref.  5),  which 
made  It  possible  to  estimate  total  strainrange  versus  life  behavior  from  conventional 
short-time  tensile  properties.  It  was,  of  course,  recognized  that  these  approaches  were 
all  limited  to  temperatures  below  the  creep  limit.  Our  first  attempts  to  account  for 
creep  effects  were  the  10  percent  rule  (ref.  (i ) and  the  creep-modified  10  percent  rule 
(ref.  7).  These  techniques  represented  most  of  the  available  high  temperature  test  data 
well,  but  they  ivere  not  sufficiently  conservative  for  cases  Involving  long  hold  times 
or  where  large  creep  strains  could  be  accumulated.  An  attempt  to  remedy  this  was  made 
with  the  life  fraction  approach  (ref.  8).  Unfortunately,  that  method  Involves  extensive 
analytical  procedures  and  was  unable  to  explain  some  of  the  experimental  observations 
regarding  the  damaging  effects  of  compressive  stress.  The  next  step  was  the 
formulation  of  the  SRP  method  which  holds  promise  for  overcoming  deficiencies  in 
previous  methods. 

The  basic  premise  for  SRP  Is  that  In  any  hysteresis  loop  there  are  combinations  of 
just  two  d I recti ons  of  straining  and  two  types  of  Inelastic  strain.  The  two  directions 
are,  of  course,  tension  (associated  with  a positive  Inelastic  strain  rate)  and 
compression  (associated  with  a negative  Inelastic  strain  rate);  the  two  types  of 
Inelastic  strain  are  time  dependent  (creep)  and  time  Independent  (plastic).  By 
combining  the  two  directions  with  the  two  types  of  strain,  we  arrive  at  four  possible 

kinds  of  stralnranges  that  may  be  used  as  basic  building  blocks  for  any  conceivable 

hysteresis  loop.  These  define  the  manner  In  which  a tensile  component  of  strain  is 
balanced  by  a compressive  component  to  close  a hysteresis  loop.  What  was  next 
proposed,  was  that  the  Manson-Cof f I n relationship  (which  represents  the  inelastic 
strainrange  versus  life  behavior  for  materials  below  the  creep  limit)  be  expanded  to 
four  relationships  for  dealing  with  materials  above  the  creep  limit. 

Once  these  relationships  have  been  generated  for  a material,  there  remains  the 
question  of  how  to  to  apply  them  to  a more  complex  loading  problem  in  order  to  predict 
life.  This  Is  accomplished  In  two  parts.  First,  the  hysteresis  loop  for  the  cycle  being 

analyzed  must  be  partitioned  into  Its  Inelastic  components.  Second,  a damage  rule, 

which  we  have  developed  and  termed  the  Interaction  damage  rule,  is  applied  in  order  to 
predict  the  life  associated  with  the  combination  of  applied  stralnranges. 

It  is  this  total  process  of  generating  the  Individual  failure  life  relationships, 
partitioning  a hysteresis  loop  Into  Its  component  stralnranges,  and  combining  the 
effects  of  these  components  to  determine  life,  that  we  have  called  the  SRP  method. 
References  0-21  contain  descriptions  of  all  the  various  aspects  of  SRP  as  well  as 
several  examples  of  the  ability  of  the  method  to  correlate  and  predict  the  fatigue  life 
of  specimens  subjected  to  complex  loading  conditions. 


THE  COOPERATIVE  EVALUATION  PROGRAM  FOR  SRP 


Backg  round 

The  AGARD  Structures  and  Materials  Panel  has  had  a long  and  active  Interest  In 
researching  subjects  that  are  of  a critical  nature  and  of  common  Interest  to  the  NATO 
community.  In  keeping  with  this  tradition,  the  Panel,  In  the  Spring  of  1971  deemed  It 
highly  advisable  to  Initiate  specific  activities  In  the  area  of  low  cycle  high 
temperature  fatigue  ( LCHTF) . 

At  the  Fall  1972  SAM  Panel  Meeting,  Mr.  Drapler,  who  was  charged  by  AGARD  with  the 
coordination  of  the  various  activities  on  this  subject,  submitted  a document  entitled 
"Ad  Hoc  Group  on  Low  Cycle  High  Temperature  Fatigue  - Status  Report"  (ref.  22),  which 
reviewed  the  LCHTF  work  being  carried  out  by  the  laboratories  in  the  various  NATO 
nations  Interested  In  this  problem.  In  the  fall  of  1973,  Mr.  Drapler  presented  to  the 
SAM  Panel  his  In-depth  report  entitled  "Survey  of  Activities  in  the  Field  of  Low  Cycle 
High  Temperature  Fatigue"  (ref.  23). 

Through  the  continuing  efforts  of  Mr.  Drapler,  supported  by  this  Panel,  AGARD  has 
published  a volume  containing  the  papers  presented  at  the  Specialists  Meeting  on  Low 
Cycle  High  Temperature  Fatigue  (ref.  24)  held  In  Washington  D.C.  In  April  of  1974.  At 
this  meeting,  experts  were  Invited  to  provide  replies  to  a number  of  questions  raised 
by  the  organizers;  each  subject  was  Introduced  by  a paper,  the  purpose  of  which  was  to 
survey  the  problem  areas  associated  with  that  subject  and  to  orient  and  focus  the 
subsequent  discussion. 


One  of  the  conclusions  of  the  above  noted  Specialists  Meeting  was  the  recognition 
of  the  need  for  more  reliable  life  prediction  methods  that  are  applicable  to  LCHTF  gas 
turbine  components.  It  was  In  the  spring  of  1075  that  this  author  presented  an  Invited 
pilot  paper  to  the  AGARD  Working  Group  on  High  Temperature  Materials,  suggesting  a 
cooperative  program  aimed  at  evaluating  the  ability  of  the  SRP  method  to  predict  life 
In  the  creep-fat Igue  range.  This  program  was  approved  by  the  S&M  Panel  and  Messrs 
Hlrschberg  and  Drapler  were  designated  program  coordinators.  The  laboratories  surveyed 
(ref.  23)  were  then  contacted  by  the  coordinators  and  Invited  to  participate  In  the 
program. 


Program  Objectives 

Twenty  laboratories  In  six  countries  participated  In  this  program,  each  testing 
Its  own  materials  of  Interest  under  Its  own  laboratory  conditions  so  that  that  the 
results  obtained  would  provide  validation  for  a wide  range  of  materials  and  would 
Insure  maximum  usefulness  to  each  of  the  part  I c I pa 1 1 ng  laboratories.  In  using  a common 
set  of  definitions,  data  sheets,  and  format  for  data  presentation.  It  was  also  possible 
to  collect  and  tabulate  the  various  sets  of  data  and  present  them  as  a single  body  of 
high  temperature  creep- f a t I gue  data.  The  objective  here,  was  to  produce  a reference 
body  of  data  easily  usable  by  any  other  Investigator.  What  we  have  taken  here,  was  the 
first,  very  necessary  step  In  the  evaluation  of  a life  prediction  approach  - the 
evaluation  of  the  ability  of  this  method  to  predict  the  life  of  specimens  subjected  to 
complex  loading  from  specimen  data  obtained  from  simple  tests.  One  could  not  hope  to 
obtain  reliable  life  predictions  for  engine  components  If  It  were  not  possible  to 
reliably  predict  the  lives  of  well  controlled  laboratory  specimens.  The  culmination  of 
this  program  was  a Specialists  Meeting  held  in  April  of  1 9 7 R , that  brought  together  the 
Investigators  with  the  objective  of  sharing  their  laboratory  testing  experiences  to 
permit  an  ln-depth  evaluation  of  the  SRP  method,  and  provide  maximum  exposure  to  the 
findings  and  recommendations  of  a distinguished  body  of  specialists. 


Program  Organization 

The  program  was  organized  and  conducted  by  the  two  coordinators  appointed  by 
AGARD.  Mr.  Drapler  acted  as  the  focal  point  for  coordinating  the  activities  among  the 
European  participants  and  this  author  had  the  equivalent  respons I b 1 1 I tes  for  the  U.S. 
participants.  In  the  Initial  phase  of  this  activity,  Mr.  Drapler  had  the 
responsibility  of  surveying  numerous  laboratories  In  the  MATO  community  to  determine 
their  Interest  In  participating.  Mr.  Drapler  was  In  an  excellent  position  to  make  this 
survey  since  he  had  previously  made  another  survey  In  this  area  (ref.  23).  Once  the 
Interested  laboratories  had  been  determined,  a IIASA  report  (ref.  25)  was  sent  to  each 
describing  In  detail  what  SRP  was,  how  SRP  tests  could  be  run,  and  suggesting  numerous 
aspects  of  SRP  that  needed  broader  verification.  This  report  was  translated  Into  both 
French  and  German  and  made  available  to  those  selected  laboratories  as  well.  Sufficient 
time  wjs  given  for  the  review  of  this  report  and  those  laboratories  which  initially 
expressed  Interest  were  again  surveyed  to  finally  establish  whether  or  not  they  wished 
to  participate  In  the  program.  Once  this  was  determined,  the  coordinators  then 
constructed  a timetable  for  the  program,  that  Included  such  I terns  as  Interim  program 
review  meetings  (described  in  M I n I -Syripos I a section),  dates  for  completion  of  the 
testing  portion  of  the  program  as  well  as  for  the  written  final  report,  and  the  final 
Specialists  Meeting.  The  coordinators  were  also  responsible  for  arranging  the 
Specialists  Meeting  and  assembling  the  final  AGARD  Report  containing  the  papers  and 
discussions  hold  at  this  meeting. 


Program  Participants 

Table  1 lists  the  principal  participants  in  this  program  along  with  their 
organizations.  There  were  of  course  many  other  persons  Involved  in  the  Individual 
testing  programs  as  well  as  those  that  contributed  to  the  success  of  the  Specialists 
Meeting.  These  names  and  organizations  are  far  too  numerous  to  list  here.  Most  of  these 
persons  can,  however,  be  Identified  In  the  AGARD  publication  of  the  proceedings  of  the 
nee  ting  ( ref . 26  ) . 


Program  Data  Generation  and  Collection 

In  order  to  be  able  to  easily  construct  a set  of  tables  describing  all  the  data 
generated  In  the  evaluation  program.  It  was  necessary  to  first  agree  upon  common 
definitions  and  terns,  as  well  as  data  sheets  that  all  the  participants  could  use.  The 
data  sheets  were  used  for  reporting  >.  i ’ the  fatigue  data,  as  well  as  background 
I nformat Ion  defining  the  materials  us?d  In  the  Investigations.  This  Information 
Included  chemical  composition,  material  processing  and  heat  treatment,  and  the 
conventional  mechanical  properties  for  each  of  the  alloys  tested.  These  data  sheets 
were  used  to  ensure  that  pertinent  Information  was  reported  In  a consistent  manner. 

One  of  the  sample  data  sheets  Is  shown  In  Table  11.  Copies  of  all  the  data  sheets  were 
sent  to  the  MASA  Lewis  Research  Center  where  Mr.  J.F.  Saltsman  transcribed  the 
Information  to  a computerized  format  for  ease  of  storage,  analysis,  and  retrieval. 


Mini- Synpos I a 


One  of  the  prime  reasons  for  the  success  of  this  activity  was  the  Interaction 
afforded  the  Investigators  from  the  nl n I -synipos la . They  provided  the  opportunity  for 
critical  In-depth  Interchanges  of  Ideas,  concerns,  testing  techniques,  as  well  as  the 
evaluation  of  test  results  that  were  a benefit  to  all  the  participants. 

In  order  to  assure  maximum  part Ic I pat  Ion  In  these  symposia,  separate  neetlnRS  were 
held  In  the  U.S.  and  In  Europe.  During  the  course  of  the  evaluation  proRram,  Mr. 

Drapler  arranged  three  neetlnRS  for  the  European  pa r t Ic I pa 1 1 nR  laboratories.  They  were 
held  at  the  National  Physical  Laboratory  In  England,  the  Center  for  Met  a 1 lurR I cal 
Research  in  Relglum,  and  the  National  Gas  Turbine  Establ I shnent  In  EnRland.  This  author 
arranged  three  similar  neetlnRS  for  the  U.S.  par t I c I pa 1 1 nR  laboratories.  Two  such 
neetlnRS  were  held  at  the  NASA  Lewis  Research  Center  and  one  at  the  Air  Force  Materials 
Laboratory.  This  author  was  the  only  one  who  attended  all  six  symposia  and  was  thereby 
able  to  keep  the  laboratories  on  both  sides  of  the  Atlantic  Informed  and  up  to  date 
regarding  all  aspects  of  the  SRP  evaluation  pronran.  In  addition  to  reports  presented 
orally  by  this  author  at  each  symposia,  meetinR  minutes  were  distributed  to  all  the 
part  I c I pat  Inn  laboratories. 


RESULTS  OF  TME  SRP  EVALUATION  PROGRAM 


The  culmination  of  the  SRP  cooperative  evaluation  proRram  was  an  AGARD  sponsored 
Specialists  Meetlnr.  where  papers  were  presented,  and  where  extensive  discussions  were 
held.  These  papers.  Including,  their  Individual  evaluations  and  recommendat Ions 
rep.ardlnR  the  SRP  method,  as  well  as  all  the  tabulated  test  data  are  Riven  In  reference 
20.  A brief  review  of  these  follows: 


Specialists  MeetinR 

The  Specialists  Meeting  was  held  In  AalborR,  Denmark  on  the  11th  and  12th  of 
April,  107R.  Seventeen  presentations  were  made  In  three  separate  sessions  with  a 
fourth  session  devoted  entirely  to  discussion.  Preprints  for  all  of  the  presentations 
were  available  at  the  meetinR  and  had  been  distributed  to  all  the  speakers  prior  to  the 
meetinR.  Recorders  were  asslpned  to  each  of  the  sessions  for  the  purpose  of  documenting 
the  sense  of  the  discussions  that  fol lowed  each  session.  The  condensation  of  these 
discussions  also  appears  In  reference  26. 


Data  Tabulation 

All  of  the  data  collected  from  the  nart I c I na 1 1 or  laboratories  were  tabulated  In  a 
common  format  and  appear  in  the  appendix  of  reference  2G.  In  this  form.  It  represents 
an  extremely  valuable  body  of  c reep- fa 1 1 Rue  data  covering  a variety  of  engineering 
alloys.  As  much  of  the  raw  data  as  possible  v>’ere  Included  In  the  tabulations  so  that 
future  analyses  and  i nterpretat Ions  can  be  made  with  a minimum  of  effort  and  a maximum 
of  rellablity.  An  exanple  of  the  c reep- f a 1 1 Rue  test  data  for  one  alloy  Is  shown  In 
Table  III. 


Evaluation  of  the  SRP  Method 

The  Renoral  consensus  of  the  1 nves 1 1 ga tors  Involved  In  this  proRram  was  positive 
and  In  agreement  that  the  SRP  method  was  a significant  step  foward  In  high  temperature 
low-cycle  fatigue  life  prediction.  There  did  emerge  from  this  program  several  concerns 
and  recommendations  regarding  SRP.  These  dealt  primarily  with  the  problems  associated 
with  the  application  of  SRP  to  cases  Involving  small  Inelastic  strains  (and  therefore 
long  lives).  The  difficulties  associated  with  partitioning  these  narrow  hysteresis 
loops  and  the  present  Inability  of  SRP  to  handle  mean  stress  effects  were  also  noted. 
The  specifics  regarding  these  concerns  and  recommendat Ions  can  be  found  In  the 
Individual  papers  of  reference  2G. 


CONCLUSIONS 


In  as  much  as  this  cooperative  evaluation  program  was  the  result  of  a request  of 
the  AGARD  S&M  Panel  Sub-Commltee  on  High  Temperature  Materials,  It  would  be  desirable 
to  review  their  conclusions  regarding  this  program.  The  following  was  extracted  from 
the  Summary  Record  of  the  46th  Panel  Meeting: 

"Informal  discussions  were  held  with  the  members  of  the  Sub-Committee  with  the 
following  conclusions: 

The  Strainrange  Partitioning  Cooperative  Program  was  an  outstanding  success  because 

a)  It  provided  an  additional  19  laboratories  In  6 NATO  nations  with  a new  method  for 
physical  testing 

b)  It  provided  a broad  base  of  experience  In  using  the  new  approaches  and  the 
methods  for  handling  the  data 

c)  while  the  results  were  variable  from  laboratory  to  laboratory,  most  Investigators 

agreed  that  the  strainrange  partitioning  method  was  a significant  step  toward 
life  prediction  In  the  presence  of  high  temperature  and  cyclic  stresses " 

The  above  Is  In  effect  an  Integration  of  all  the  conclusions  of  the  Individual 
participants  In  this  program.  Each  of  the  investigators  have  Included  their  own 
conclusions  In  their  written  papers  and  these  are  available  In  reference  26. 
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THE  UNSTEADY  AERODYNAMICS  OF  A 
CASCADE  IN  TRANSLATION 
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SUMMARY 

The  advent  of  high  tip-speed,  high  work,  blading  in  the  fan  stages  of  advanced  gas 
turbine  engines  has  led  to  the  recognition  of  a new  type  of  blading  instability  — 
unstalled  supersonic  flutter.  As  a result,  a concerted  effort  to  develop  an  appro- 
priate predictive  mathematical  modal  has  taken  place.  To  determine  the  range  of  valid- 
ity and  to  direct  refinements  to  the  basic  flow  model,  fundamental  supersonic  oscillating 
cascade  data  are  required.  The  experiment  described  herein  is  directed  at  significantly 
extending  the  range  of  existing  supersonic  cascade  data  to  include  translation  mode 
oscillations.  In  particular,  the  fundamental  time-variant  translation  mode  aerodynamics 
are  determined  for  the  first  time  for  a classical  airfoil  cascade  in  a supersonic  inlet 
flow  field  over  a range  of  interblade  phase  angles  at  a realistic  reduced  frequency 
value.  These  unique  experimental  data  are  then  correlated  with  predictions  obtained 
from  an  appropriate  state-of-the-art  harmonically  oscillating  flat  plate  cascade  aero- 
dynamic analysis. 


LIST  OF  SYMBOLS 

airfoil  chord 

unsteady  pressure  coefficient  (C  = p/'jpU'2  5) 

P 

Mach  number 

cascade  pressure  ratio 
normalized  auto-correlation  function 
normalized  cross-correlation  function 
inlet  velocity 
frequency 

translational  amplitude 
reduced  frequency  (k  = u)C/U) 
measured  unsteady  pressure  amplitude 
inlet  static  pressure 
ratio  of  specific  heats 
phase  lag  ’ 
inlet  air  density 
angular  frequency 


INTRODUCTION 

The  advent  of  high  tip-speed,  high-work,  blading  in  the  fan  staqes  of  modern  gas 
turbine  engines  has  led  to  the  recognition  of  a new  type  of  blading  instability  — 
iiier sonic  unstalled  flutter.  In  this  region  of  instability,  the  incidence  angle  is 
uu  1 1 and  the  tip  region  of  the  blade  row  is  operating  in  a supersonic  relative  flow 
ie|d.  The  stresses  encountered  durinq  this  type  of  flutter  can  be  catastrophically 
< i i«»,  with  all  of  the  blade  tip  sections  harmonically  oscillating  at  their  natural 
••  ••  with  a constant  interblade  phase  angle.  Both  predominantly  bending 

• . >»iirn)  and  torsional  modes  of  vibration  have  been  observed.  As  this  super- 

installed  flutter  boundary  crosses  the  compressor  operating  line  at  high  tip 
. 1«  » mioses  a definite  design  constraint  on  the  high  speed  operation  of  the 

•a)  m *rui  his  been  receiving  a great  deal  of  attention. 

.•«  . ! i'i|wrsonic  flutter  is  fundamentally  an  inviscid  phenomena  caused  by 

. . fiow  field  relative  to  the  motion  of  the  airfoils.  As  this  type 

i t..-.-. >nu-  more  severe  as  the  pressure  ratio  is  lowered,  the 
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generally  used  analytical  model  assumes  an  inviscid,  essentially  supersonic  flow 
with  a subsonic  axial  component  through  a differential  radial  height  fan  stage 
operating  at  a pressure  ratio  of  one.  This  differential  fan  stage  is  then  developed 
into  a two-dimensional  rectilinear  cascade.  The  cascade  airfoils  are  assumed  to  be 
thin  (most  often  zero  thickness  flat  plates)  and  executing  small  harmonic  torsion 
or  translation  mode  oscillations.  These  assumptions  lead  to  mathematical  simplifica- 
tions which  result  in  a linearized,  two-dimensional,  constant  coefficient  (for  the 
case  of  flat  plate  cascades) , partial  differential  equation  for  the  perturbation 
velocity  potential.  Various  solution  techniques  have  been  and  are  currently  being 
applied  to  this  mathematical  model. 

A semi-infinite  cascade  with  a subsonic  leading  edge  locus  was  considered  by 
Verdon**'  and  Caruthers'  using  finite  difference  techniques  and  by  Brix  and 
PlatzerO)  with  the  method  of  characteristics.  Nagashima  ai^Whitehead 1 presented 


a third  approach  involving  dipole  distributions  while  Yates'3'  developed  another 
linearized  characteristics  approach.  These  solutions  are  all  in  good  agreement  with 
each  other.  As  a semi-infinite  cascade  is  involved  in  these  analyses,  it  is  assumed 
therein  that  the  asymptotic  values  for  the  unsteady  pressure  distributions  and  aero- 
dynamic forces  and  moments  obtained  by  computing  the  flow  past  a sufficient  number  of 
blades  are  representative  of  the  infinite  cascade. 

Using  Laplace  transform  techniques  Kurosaka*6'  obtained  a solution  for  an  infinite 
cascade  valid  for  low  reduced  .frequency  values  and  has  recently  extended  these  results 
to  higher  reduced  frequencies'  . Sisto  and  Ni '.’using  the  time-marching  technique  and 
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cascade  in  supersonic  flow  with  a subsonic  axial  component. 


To  determine  the  range  of  validity  and  direct  refinements  to  the  basic  flow 
model,  fundamental  supersonic,  harmonically  oscillating  aerodynamic  cascade  data  are 
required.  Such  data  have  been  obtained  in  the  torsion  mode  for  a single  airfoil**5', 
a classical  airfoil  cascade * *4 ' , and  an  MCA  (Multiple-Circular-Arc)  airfoil  cascade**5'. 

The  current  effort  reported  herein  is  directed  at  significantly  extending  the 
range  of  the  above  described  supersonic  cascade  data  by  developing  the  necessary  new 
experimental  techniques  and  then  obtaining  relevant  translation  mode  cascade  data. 

In  particular,  the  fundamental  time-variant  translation  mode  aerodynamics  are  deter- 
mined for  the  first  time  for  a classical  airfoil  cascade  in  a supersonic  inlet  flow 
field.  The  reduced  frequency  value  for  this  experiment  is  representative  of  that 
noted  for  bending  flutter  in  rotors.  All  of  the  unsteady  aerodynamic  data  are  correlated 
with  predictions  obtained  from  a state-of-the-art  harmonically  oscillating  flat  plate 
cascade  analysis. 


EXPERIMENTAL  FACILITY 


The  Detroit  Diesel  Allison  rectilinear  cascade  facility,  shown  in  Figure  1,  was 
conceived  and  built  as  a research  tool  to  evaluate  the  aerodynamic  and  aeroelastic 
characteristics  of  compressor  and  turbine  blade  sections.  The  facility  is  a continuous 
flow,  non-return,  pressure-vacuum  type  wind  tunnel  with  the  test  section  evacuated  by 
means  of  two  primary  steam  ejectors.  Up  to  10  lbm/sec  of  filtered,  dried,  and  tem- 
perature-controlled air  may  be  used. 

The  test  section  configuration  used  in  this  investigation  is  shown  in  Figure  2. 

As  can  be  seen,  the  entrance  flow  to  the  test  section  is  generated  by  fixed  nozzle 
blocks  yielding  a Mach  number  of  1.30.  The  orientation  of  a wedge  with  respect  to 
this  nozzle  exit  flow  specifies  the  test  section  Mach  number,  i.e.,  the  shock  or 
expansion  wave  generated  by  the  wedge  determines  the  cascade  inlet  conditions. 

To  aid  in  the  establishment  of  the  cascade  inlet  periodicity,  bleed  chambers 
are  provided  on  the  lower  nozzle  block,  as  indicated.  Adjustment  of  the  bleed  rate 
through  these  chambers  allows  the  inlet  flow  field  to  the  rear  (bottom)  portion  of  the 
cascade  to  be  affected.  The  inlet  flow  field  to  the  front  (upper)  portion  of  the 
cascade  is  affected  only  by  the  wedge  position,  with  the  first  passage  controlled  to 
some  extent  by  the  splitter  position.  The  build-up  of  the  boundary  layer  in  this 
first  passage  can  produce  area  ratios  such  that  this  passage  cannot  be  started. 

Hence,  suction  is  provided  along  the  front  portion  of  the  splitter  to  remove  the 
boundary  layer  and  start  this  first  passage. 

Active  cascade  inlet  sidewall  boundary  layer  control  is  also  provided  to  assure 
the  two-dimensionality  of  the  cascade  flow  field.  This  is  accomplished  with  the 
suction  strip  seen  in  Figure  3.  It  contains  five  discrete  regions  yet  still  permits 
the  schlieren  system  to  be  utilized  to  view  the  cascade  wave  system. 

Disturbances  generated  at  the  lower  endwall  run  downstream  of  the  cascade  in  the 
supersonic  flow  regime  and  thus  can  have  no  influence  on  the  cascade  performance. 

The  upper  endwall  of  the  tunnel,  on  the  other  hand,  is  crucial  in  that  it  can 
influence  the  whole  flow  field  downstream  of  the  cascade  and  prevent  the  formation 
of  a periodic  exit  flow  field.  The  shape  of  this  upper  endwall  also  uniquely  deter- 
mines the  cascade  pressure  ratio  under  started  supersonic  exit  operating  conditions. 

The  most  crucial  portion  of  the  upper  endwall  is  in  the  early  stage  of  compression. 

Here  the  flow  splitter  provides  the  capability  to  both  bleed  and  blow.  The  blowing  - ( 
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capability,  in  conjunction  with  adjustments  of  the  exit  plenum  pressure  and  the  angle 
of  the  tailboard  attached  to  the  splitter,  permits  the  setting  of  the  streamline  shape 
in  this  region  and  thereby  sets  the  throttle  condition  to  the  first  two  channels  of 
the  cascade.  The  remaining  problem  is  to  not  allow  the  cascade  shock  expansion  system 
which  impinges  upon  this  tailboard  to  reflect  back  into  the  cascade.  This  is  ac- 
complished by  making  this  upper  tailboard  porous  with  a 50%  open  area  as  well  as  having 
it  open  to  the  exit  plenum  pressure.  This  effectively  produces  a streamline  representa- 
tion of  an  infinite  cascade  at  the  design  pressure  ratio,  as  established  in  the  first 
passage  and  results  in  a periodic  exit  flow  field. 

AIRFOIL  CASCADE  AND  INSTRUMENTATION 

The  two-dimensional  cascade  utilized  in  this  investigation  was  comprised  of  five 
double-trunnion  airfoils,  characterized  by  a 3.00  in.  (7.62  cm.)  span,  a 3.00  in. 

(7.62  cm.)  chord,  and  a 0.087  in.  (0.220  cm.)  maximum  thickness  at  the  50  percent 
chord  location.  The  airfoil  profile,  indicated  schematically  in  Figure  4,  consists 
of  a flat  suction  surface  and  a triangular  pressure  surface.  The  cascade  physical 
parameters  are  listed  in  Table  I. 

The  proper  steady-state  aerodynamic  performance  instrumentation  necessary  to 
quantitatively  describe  the  cascade  flow  field  was  provided.  Sidewall  static  pressure 
taps  were  used  to  establish  the  cascade  inlet  and  exit  pressure  distributions.  This 
information  together  with  schlieren  flow  visualization  was  used  to  establish  the 
steady-state  periodicity  of  the  cascade. 

To  achieve  realistic  reduced  frequency  values,  maintain  a two-dimensional  airfoil 
mode  shape,  and  also  maximize  the  imparted  airfoil  oscillatory  amplitude  for  a given 
input  driving  power,  unique  airfoils  fabricated  from  graphite/epoxy  composite  material 
were  necessary.  The  airfoils  were  fabricated  from  a combination  of  pre-impregnated 
Kevlar  cloth  and  graphite  mat  injected  with  epoxy  resin  under  pressure  into  a booking 
mold.  Cloth  fiber  orientation  was  controlled  to  meet  prescribed  torsional  and  bending 
stress  requirements  while  maintaining  a low  density  and  a high  modulus  of  elasticity. 

Hollow  steel  trunnions  were  attached  to  the  airfoils  at  mid-chord.  Cloth 
insertion  and  epoxy  fill  into  the  trunnions  provided  adequate  strength  at  the  critical 
airfoil-trunnion  interface  stress  locations.  Splines  located  on  the  trunnion  were 
used  to  mount  the  airfoils  into  the  translational  drive  system. 

The  fabrication  of  the  airfoils  from  graphite/epoxy  composite  material  necessi- 
tated the  use  of  nonconventional  instrumentation  techniques.  In  particular,  to  main- 
tain the  desired  overall  composite  material  properties  with  no  degradation  of  the 
airfoil  surface  contours,  provisions  for  dynamic  instrumentation  were  embedded  in  one 
airfoil  during  fabrication.  This  involved  molding  the  dynamic  pressure  transducer 
lead  wires  into  the  airfoil  as  part  of  the  lay-up  and  molding  process.  The  ends  of 
the  lead  wires  were  then  exposed  and  the  transducers  attached.  These  flush-mounted 
Kulite  LQ  Series  dynamic  pressure  transducers  were  staggered  across  the  span  of  the 
airfoil  on  both  the  pressure  and  suction  surfaces.  Figure  5 shows  a view  of  this 
unique  dynamically  instrumented  airfoil.  The  chordwise  distribution  of  these  trans- 
ducers is  identical  on  the  airfoil  pressure  and  suction  surfaces,  with  their  locations 
presented  in  Table  II,  and  also  schematically  depicted  in  Figure  4. 

TRANSLATION  MODE  DRIVE  SYSTEM 

A schematic  of  the  translation  mode  drive  system  is  presented  in  Figure  6. 

Since  translation  is  movement  normal  to  the  chord,  no  bearing  or  other  rigid  axial 
restraint  is  necessary.  The  airfoil  is  positioned  with  the  two  flexible  mounts  con- 
sisting of  a “squirrel  cage"  support  which  attaches  to  the  spline  on  the  airfoil 
trunnion  by  indexing  over  six  grooves  and  attaching  through  a replaceable  spring  bar 
to  a rigid  mount.  The  indexing  tabs  ensure  torsional  restraint  with  no  blade  angle 
slippage.  The  airfoil  trunnion  splines  are  positioned  axially  on  these  devices  by  a 
driver  arm  clamped  and  piloted  to  the  trunnion  with  an  attached  spacer  tube  which 
nests  over  the  indexing  tabs  of  the  squirrel  cage. 

Translational  excitation  forces  to  each  blade  are  supplied  through  the  drive  arm 
from  the  computer  controlled  electromagnets.  Driving  mechanisms  are  located  on  each 
airfoil  trunnion  so  that  proper  excitation  of  the  two-dimensional  translation  motion 
of  the  airfoil  can  be  accomplished.  Modification  of  the  spring  bars  and/or  mass 
control  of  the  driver  arm  can  be  used  for  minor  frequency  adjustments  of  individual 
blades. 

The  double-trunnion  airfoils  and  spring  bar  assemblies  are  mounted  in  plexigla3 
windows,  thereby  permitting  schlieren  flow  visualization,  and  this  complete  assembly 
then  installed  in  the  test  section,  as  seen  in  Figure  7.  The  computer  controlled 
electromagnets  excite  the  translation  mode  drive  system  at  the  airfoil-drive  system 
natural  frequency,  thereby  imparting  the  desired  translation  mode  oscillation  to  the 
airfoil  cascade  at  precisely  controlled  interblade  phase  angle  valuesd6. 17) , strain 
gages  mounted  on  the  spring  bar  assemblies  exhibit  excellent  sensitivity  to  the 
translational  airfoil  oscillations,  and  allow  the  measured  strain  gage  signals  to  be 
converted  to  translational  amplitudes. 


DATA  ACQUISITION  AND  ANALYSIS 


With  the  tunnel  in  operation  and  the  steady-state  cascade  periodicity  properly 
established,  as  determined  by  the  sidewall  static  pressure  taps  and  the  schlieren  flow 
visualization,  the  computer  controlled  translation  mode  drive  system  is  made  opera- 
tional. This  results  in  controlled  harmonic  oscillations  of  th.  airfoil  cascade  at 
a prescribed  frequency  and  interblade  phase  angle  value.  The  resulting  time-variant 
spring  bar  mounted  strain  gage  and  airfoil  surface  pressure  transducer  signals  are 
digitized  at  rates  to  100,000  points  per  second  by  a 16-channel  analog-digital  con- 
verter and  multiplexer  system,  and  stored  on  a magnetic  disk.  These  digitized  data 
are  analyzed  on-line  to  determine  the  fundamental  aerodynamic  characteristics  of  the 
unsteady  phenomena.  The  parameters  of  interest  include  the  amplitude  of  the  airfoil 
motion  and  the  pressure  disturbance,  the  frequency,  the  interblade  phase  angle,  and 
the  phase  difference  between  the  unsteady  pressures  and  the  airfoil  motion  as  char- 
acterized by  the  strain  gage  signal  on  the  dynamically  instrumented  airfoil,  i.e., 
the  aerodynamic  phase  lag  data  is  referenced  to  the  motion  of  the  dynamically  instru- 
mented center  airfoil  in  the  cascade. 


The  amplitude  of  the  airfoil  motion  and  the  pressure  disturbance  are  determined 
by  fitting  a second  order  least  square  function  to  the  data,  differentiating  it,  and 
evaluating  the  maximum.  The  pressure  disturbance  amplitude  is  then  non-dimensionalized 
into  an  unsteady  pressure  coefficient,  C , as  defined  in  Equation  Is 
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where  p is  the  measured  unsteady  pressure  amplitude,  p is  the  fluid  density,  U is 
the  inlet  velocity,  y is  the  ratio  of  specific  heats,  p is  the  inlet  static  pressure, 
and  h/C  is  the  ratio  of  the  translational  amplitude  to  the  airfoil  chord. 

The  frequency  of  the  time-dependent  data  is  determined  through  the  autocorrelation 
function.  This  function  describes  the  dependence  on  the  values  of  the  data  at  one 
time,  Xj,  on  the  values  at  another  time,  X^+r.  The  normalized  autocorrelation  function, 
Rxr,  is  defined  in  series  form  as 
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where : 

Xi  = X (i  At) 
r = lag  number 

N = total  number  of  dynamic  data  points 
m = number  of  lags. 


The  lag  time,  At,  is  inversely  proportional  to  the  rate  at  which  the  data  is  digitized. 
A typical  autocorrelogram  of  the  digitized  data  exhibits  the  features  of  a sine  wave 
plus  random  noise.  A second  order  least  square  function  is  fit  to  the  data  in  the 
second  positive  peak  of  the  autocorrelogram.  The  inverse  of  the  time  at  which  this 
least  square  function  is  a maximum  is  equal  to  the  frequency,  f,  of  the  time-dependent 
data. 


The  phase  difference  of  the  pressure  disturbance  along  the  airfoil  chord  in  rela- 
tion to  the  airfoil  motion  is  calculated  through  the  cross-correlation  function.  This 
function,  for  two  sets  of  data,  X.,  Y.,  describes  the  dependence  of  the  values  of  one 
set  of  data  on  the  other.  The  normalized  cross-correlation  function,  R r,  is  defined 
as:  Y 
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where  the  variables  are  defined  analogous  to  those  in  Equation  (2) . 
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As  in  the  frequency  calculation,  a second  order  least  square  function  is  fit  to 
the  data  in  the  first  positive  peak  of  the  cross-correlogram.  The  time,  tp,  at  which 
this  least  square  function  is  a maximum  is  analytically  determined.  The  phase  differ- 
ence, in  degrees,  is  calculated  as 


6 « t f 360  (4) 

P P 

where  f is  the  frequency  calculated  for  the  airfoil  motion  from  the  strain  gage  data, 
utilizing  Equation  (2)  . 

Two  sources  of  phase  relation  discrepancy  are  inherent  in  the  electronic  data 
acquisition  system  and  correlation  computation.  The  analog-digital  (A/D)  converter- 
multiplexer  unit  does  not  permit  data  to  be  digitized  simultaneously  on  all  channels. 
Consequently,  an  inherent  phase  shift  is  introduced  into  the  physical  data  when  the 
cross-correlation  function  operates  on  the  raw  digitized  data.  This  phase  shift,  for 
the  sinusoidal  data  in  this  experiment,  is  directly  proportional  to  the  "cut  rate"  of 
the  multiplexer,  as  shown  in  Equation  (5) : 


6 - f (K  - K ) 360/R  (5) 

s x y x a 

where  6S  is  the  AD  phase  shift  inherent  in  the  computation  between  channels  Ky  and 
Kv,  representing  the  respective  data,  Yi  and  X^.  The  frequency,  f , corresponds  to 
the  disturbance  in  channel  K , and  R is  the  rate  at  which  the  datS  were  being 
digitized.  x a 

Prior  to  acquiring  data  the  electronic  data  acquisition  system  is  calibrated  for 
phase  snift,  0a,  using  the  A/D  converter  and  the  computation  described  in  the  fore- 
going. Therefore,  the  phase  difference  of  the  pressure  disturbance  along  the  airfoil 
surface  in  relation  to  the  airfoil  motion  is 
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This  computational  procedure  results  in  a valid  on-line  data  analysis  system  and 
provides  the  experimentalist  with  meaningful  information  with  which  to  make  judicious 
decisions  during  the  test.  All  analyzed  results  are  stored  on  a magnetic  disk  for 
further  examination. 

RESULTS 

The  procedure  followed  in  this  experiment  included  first  obtaining  a periodic 
steady-state  cascade  flow  field,  as  determined  from  the  schlieren  flow  visualization 
and  the  sidewall  static  pressures  immediately  upstream  of  the  leading  edge  of  each 
airfoil  in  the  cascade.  Figure  8 presents  a schlieren  photograph  which  typifies  the 
periodic  steady-state  cascade  flow  field  established  at  the  inlet  Mach  number  of  1.40 
and  a cascade  static  pressure  ratio  of  unity.  As  indicated,  the  bow  shock  intersects 
the  suction  surface  of  the  adjacent  airfoil  near  the  trailing  edge,  with  both  the 
reflection  of  this  shock  and  the  trailing  edge  wake  shock  from  the  adjacent  airfoil 
intersecting  the  pressure  surface  near  mid-chord.  A comparison  of  this  overall  cas- 
cade steady  flow  field,  as  characterized  by  the  location  of  the  shock  waves,  with 
that  predicted  by  the  analysis  of  reference  18,  is  presented  in  Figure  9.  As  can  be 
seen,  the  correlation  between  the  experimentally  determined  shock  waves  and  those 
indicated  by  the  predicted  constant  pressure  lines  is  quite  good. 

With  the  steady-state  periodicity  established  and  the  cascade  performance 
determined,  the  airfoil  cascade  was  harmonically  oscillated  in  a translation  mode 
at  a reduced  frequency  value  equal  to  0.41.  Specified  interblade  phase  angles  were 
investigated  and  at  selected  points,  the  cascade  static  pressure  ratio  increased  from 
the  nominal  1.00:1  to  1.30:1.  Fundamental  time-variant  data  were  then  obtained  and 
analyzed.  These  unique  translation  mode  data  were  then  correlated  with  predictions 
obtained  from  the  current  state-of-the-art  cascade  analysis  of  reference  2.  This 
analysis  assumes  small  perturbations  which  are  generated  by  oscillating  zero  thickness 
flat  plate  cascaded  airfoils  in  a uniform  inviscid  steady  flow  field  and  includes  the 
effect  of  variable  blade-to-blade  amplitude  of  oscillation,  accomplished  through 
input  of  the  measured  amplitudes  into  the  analysis. 

These  unique  chordwise  pressure  and  suction  surface  translation  mode  data  to- 
gether with  the  corresponding  predictions  are  presented  in  the  form  of  an  aero- 
dynamic phase  lag  as  referenced  to  the  motion  of  the  instrumented  airfoil  (the  center 
airfoil  in  the  cascade) , and  the  unsteady  pressure  coefficient,  Cp.  These  results 
for  interblade  phase  angles  between  - 180°  and  + 3°  at  a cascade  static  pressure  ratio 
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equal  to  1.00:1  are  presented  in  Figures  10  through  14  and  for  interblade  phase 
angles  between  - 180°  and  + 45°  at  a 1.30:1  static  pressure  ratio  in  Figures  15 
through  19. 

The  time-variant  suction  surface  data  are  seen  to  generally  exhibit  very  good 
correlation  with  the  predictions.  The  aerodynamic  phase  lag  and  unsteady  pressure 
coefficient  data  are  both  nearly  constant  in  the  chordwise  direction,  with  the  theory 
predicting  an  approximate  60°  greater  lag  than  characteristic  of  the  data.  As  the 
effects  of  increased  cascade  static  pressure  ratio  are  largely  taken  up  in  the  trail- 
ing edge  wave  system,  only  the  trailing  edge  of  the  suction  surface  should  be  af- 
fected. Indeed  this  is  the  case,  as  evidenced  through  comparison  of  the  1.00:1 
and  1.30:1  pressure  ratio  suction  surface  data  at  corresponding  interblade  phase 
angle  values,  e.g.  Figures  10  and  16,  13  and  18,  and  14  and  19.  As  seen  from  these 
figures,  only  the  suction  surface  phase  lag  and  dynamic  pressure  coefficient  data 
near  to  the  trailing  edge  are  affected  as  the  pressure  ratio  is  increased.  However, 
the  1.00:1  suction  surface  phase  lag  data  appears  much  more  regular  in  the  chordwise 
direction  than  does  the  corresponding  1.30:1  data. 

The  time-variant  pressure  surface  data  also  generally  exhibit  very  good  correla- 
tion with  the  theoretical  predictions.  Both  the  aerodynamic  phase  lag  and  dynamic 
pressure  coefficient  data  and  prediction  remain  nearly  constant  in  the  chordwise  direc- 
tion between  the  leading  edge  and  the  mid-chord  region  shock  wave  intersection  loca- 
tion on  this  surface.  The  theory  predicts  this  intersection  location  to  be  at 
approximately  70%  of  the  chord,  with  the  1.00:1  pressure  ratio  data  indicating  the 
presence  of  a shock  in  the  region  between  the  60%  and  75%  chord  transducer  locations. 
Comparison  of  the  1.00:1  and  the  1.30:1  pressure  ratio  data  indicates  that  the  effect 
of  increasing  the  back  pressure  is  to  move  the  shock  intersection  location  forward 
on  the  pressure  surface  such  that  at  the  higher  pressure  ratio  it  lies  between  the  40% 
and  60%  chord  transducer  locations. 

An  interesting  trend  can  also  be  noted  in  the  aerodynamic  phase  lag  data-theory 
correlation  on  the  pressure  surface  in  the  region  between  the  leading  edge  and  the 
shock  intersection  for  both  values  of  the  pressure  ratio  which  were  investigated. 

In  particular,  in  this  region,  as  the  interblade  phase  angle  is  decreased  and  attains 
larger  negative  values,  the  phase  lag  data  decreases  as  compared  to  the  prediction, 
with  the  best  data-theory  correlation  obtained  at  a 0°  interblade  phase  angle  value. 

SUMMARY  AND  CONCLUSIONS 

An  unsteady  cascade  experiment  directed  at  providing  fundamental  translation 
mode  aerodynamic  data  for  the  first  time  has  been  described.  This  data  was  obtained 
at  a realistic  value  of  the  reduced  frequency  and  is  necessary  for  the  verification 
and/or  direction  of  refinements  to  the  basic  analytical  model  of  unstalled  flutter 
in  fans  and  compressors.  In  particular,  a unique  dynamically  instrumented  classical 
airfoil  cascade  fabricated  from  graphite/epoxy  composite  material  was  investigated 
at  an  inlet  Mach  number  of  1.40  over  a range  of  interblade  phase  angles  for  two 
levels  of  aerodynamic  loading.  This  time-variant  data  was  then  correlated  with 
corresponding  predictions  obtained  from  a state-of-the-art  unsteady  cascade  analysis. 

The  data  generally  exhibited  very  good  correlation  with  the  prediction  on  both 
the  pressure  and  suction  surfaces.  The  predicted  suction  surface  phase  lag  was 
increased  on  the  order  of  60°  as  compared  to  the  data,  although  in  excellent  agree- 
ment trendwise.  Also,  the  mid-chord  region  pressure  surface  shock  wave  intersection 
location  was  in  general  agreement  with  the  prediction  for  the  lower  pressure  ratio 
data,  but  not  for  the  higher  pressure  ratio  as  the  theory  does  not  include  the  effect 
of  back  pressure.  Also,  in  the  region  between  the  leading  edge  and  the  mid-chord 
region  shock  intersection  location  on  the  pressure  surface,  decreasing  the  interblade 
phase  angle  toward  large  negative  values  resulted  in  decreasing  values  of  the  phase 
lag  data  as  compared  to  the  prediction,  with  the  best  correlation  obtained  at  the  0° 
interblade  phase  angle  value. 
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CASCADE  PHYSICAL  PARAMETERS 


TABLE  I 

CHORD 
SOLIDITY 
SETTING  ANGLE 
MAXIMUM  THICKNESS/CHORD 
LEADING  EDGE  WEDGE  ANGLE 
TRAILING  EDGE  WEDGE  ANGLE 
LEADING  EDGE  RADIUS/CHORD 


3.00  IN.  (7.62  CM.) 
1.231 

61.5°  (1.07  RADIANS) 
0.029 

3.317°  (0.058  RADIANS) 
3.317°  (0.058  RADIANS) 
0.0026 


Figure  1.  Rectilinear  Cascade  Facility 


Cascade  Inlet  Sidewall 
Bleed  Strip 


L_. 

Figure  2.  View  of  Cascade  Test  Section 

Figure  5.  Dynamically  Instrumented 

Airfoil 

Figure  8.  Periodic  Steady-State  Flow 

Field  at  the  Inlet  Mach  Number 
of  1.40  and  a Static  Pressure 
Ratio  Value  of  Unity 


Figure  6.  Schematic  of  Translation 
Mode  Drive  System 


Figure  7.  Translation  Mode  Cascade 
Drive  System  as  Installed 
in  Test  Section 


Figure  10.  Unsteady  Cascade  Translation 

Mode  Results  for  a 2.9°  Inter- 
blade Phase  Angle  at  a Static 
Pressure  Ratio  of  1.00:1 


Figure  9.  Comparison  of  Experimental 

and  Predicted  Overall  Cascade 
Flow  Field 
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Figure  11.  Unsteady  Cascade  Translation 
Mode  Results  for  a -35.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.00:1 


Figure  13.  Unsteady  Cascade  Translation 
Mode  Results  for  a -90.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.00:1 
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Figure  12.  Unsteady  Cascade  Translation 
Mode  Results  for  a -41.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.00:1 


Figure  14.  Unsteady  Cascade  Translation 
Mode  Results  for  a -178.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.00:1 
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Figure  15.  Unsteady  Cascade  Translation  Figure  17.  Unsteady  Cascade  Translation 

Mode  Results  for  a 45.0°  Mode  Results  for  a -64.0° 

Interblade  Phase  Angle  at  a Interblade  Phase  Angle  at  a 

Static  Pressure  Ratio  of  Static  Pressure  Ratio  of 

1.30:1  1.30:1 


Figure  16.  Unsteady  Cascade  Translation 
Mode  Results  for  a 0.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.30:1 


Figure  18.  Unsteady  Cascade  Translation 
Mode  Results  for  a -90.0° 
Interblade  Phase  Angle  at  a 
Static  Pressure  Ratio  of 
1.30:1 
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DISCUSSION 

D.G.HalFwell,  UK 

(1)  ! would  agree  that  phase  angle  measurement  is  vastly  more  difficult  than  unsteady  amplitude.  Your  biggest 
phase  discrepancy  relative  to  theory  is  in  the  high  pressure  ratio  case.  Have  you  used  one  of  the  strong  shock 
theories  to  improve  the  prediction? 

(2)  Has  DDAD  any  experience  in  this  field  on  a rotating  machine? 

Author's  Reply 

(1)  No,  we  haven’t.  We  have  only  used  a small  perturbation,  flat  plate  model  (Reference  2)  which  does  consider 
variations  in  the  blade-to-blade  amplitude  of  oscillation  but  has  only  an  acoustic  approximation  to  the  shock 
waves. 

(2)  No.  We  have  been  limited  to  cascades. 

J. Dunham,  UK 

When  the  amplitude  of  the  flutter  is  small,  is  the  amplitude  of  shock  wave  movement  also  small?  Does  your  theory 
model  the  existence  of  the  shock  waves  and  their  movement? 

Author's  Reply 

With  regard  to  our  unsteady  cascade  experiments,  small  blade  oscillatory  amplitudes  result  in  small  motion  of  the 
bow  shock.  However,  the  in  passage  shock  system  can  exhibit  large  motions.  For  example,  in  the  case  of  a 
torsionally  oscillating  cascade,  we  have  observed  that  for  interblade  phase  angles  on  the  order  of  180°,  the  in  passage 
shocks  move  over  a large  percentage  of  the  airfoil  chord  even  though  the  oscillatory  amplitude  is  relatively  small 
^approximately  ±0.2°). 


The  small  perturbation  unsteady  flat  plate  cascade  analysis  used  for  the  data-theory  correlation  (Reference  No. 2) 
involves  an  acoustic  approximation  to  the  shock  wave  and  does  not  consider  their  movement. 
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SUPERSONIC  UNSTALLEI)  FLUTTER 

by 

J.J.Adamczyk,  M.E. Goldstein  and  M.J. Hartmann 
National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland.  Ohio  44135 


SUMMARY 

Recently  two  flutt  r analyses  have  been  developed  at  NASA  Lewis  Research  Center  to 
predict  the  on  ;t  of  supersonic  unstalled  flutter  of  a cascade  of  two-dimensional  airfoils.  The 
first  of  these  analyses  the  onset  of  supersonic  flutter  at  low  levels  of  aerodynamic  loading 
(i.e..  backpressure!,  while  the  second  examines  the  occurrence  of  supersonic  flutter  at 
moderate  levels  of  aerodynamic  loading.  Both  of  these  analyses  are  based  on  the  linearized 
unsteady  inviscid  equations  of  gas  dynamics  to  model  the  flow  field  surrounding  the  cascade. 
The  details  of  the  development  of  the  solution  to  each  of  these  models  have  been  published. 
The  objective  of  the  present  paper  is  to  utilize  these  analyses  in  a parametric  study  to  show 
the  effects  of  cascade  geometry,  inlet  Mach  number,  and  backpressure  on  the  onset  of  single 
and  multi  degree  of  freedom  unstalled  supersonic  flutter.  Several  of  the  results  from  this 
study  are  correlated  against  experimental  qualitative  observation  to  validate  the  models. 


INTRODUCTION 

The  problem  of  flutter  has  long  plagued  the  development  of  high  speed  compressor  fan  stages.  The  solution  to  this 
problem  is  often  costly  both  in  terms  of  time  and  money.  For  this  reason  engine  manufacturers  as  well  as  government 
agencies  are  currently  supporting  numerous  research  programs  in  an  attempt  to  better  define  regions  of  flutter  instability 
and  solutions  to  the  problem.  To  date  their  research  activities  have  uncovered  two  regions  of  the  operating  map  of  fan 
stages  where  flutter  can  be  encountered  at  high  speeds.  These  regions  are  shown  schematically  on  the  performance  map 
of  a typical  high  speed  fan  stage  in  Figure  1.  Region  I.  the  zone  of  moderate  to  high  backpressure  supersonic  flutter  can 
extend  from  the  stall  line  of  the  fan  down  to  its  operating  line.  Experimental  evidence  of  this  flutter  mode  is  presented 
in  Reference  1 . 

Region  II.  the  zone  of  low  backpressure  supersonic  flutter  can  extend  from  wide  open  discharge  to  slightly  below 
the  operating  line  of  the  stage.  Numerous  analytical  as  well  as  experimental  papers  have  appeared  in  the  open  literature 
which  document  the  existence  of  this  flutter  mode  (see  References  2 to  4).  Recently  NASA  Lewis  Research  Center  has 
developed  analytical  analyses  for  both  of  these  flutter  zones.  In  Reference  5 an  analyses  is  developed  for  the  region  of 
moderate  to  high  backpressure  flutter,  while  Reference  6 deals  with  the  problem  of  low  backpressure  supersonic  flutter. 
Both  of  these  analyses  are  based  on  the  linearized  unsteady  inviscid  two-dimensional  equations  of  gas  dynamics  to  des- 
cribe the  flow  field  surrounding  an  infinite  cascade  of  oscillating  thin  airfoils  in  a supersonic  stream.  The  details  of  the 
mathematical  development  of  these  models  will  not  be  presented  in  the  present  paper.  The  objective  of  the  present  paper 
is  to  utilize  these  analyses  in  a parametric  study  to  show  the  effects  of  cascade  geometry,  inlet  Mach  number,  reduced 
frequency,  and  backpressure  on  supersonic  flutter.  Several  of  the  results  from  this  study  are  correlated  against  experi- 
mental qualitative  observation  to  validate  the  models. 


MODEL  FORMULATION 

The  present  analyses  represents  an  incremental  annulus  of  a fan  stage  as  an  infinite  two-dimensional  cascade  of  thin 
airfoils.  In  both  analyses  the  steady  relative  flow  approaching  the  cascade  is  assumed  to  be  supersonic,  with  a subsonic 
axial  velocity  component,  and  satisfies  the  Kantrowitz  unique  incidence  relationship.  This  flow  configuration  causes  the 
weak  oblique  leading  edge  shock  wave  to  propagate  upstream  of  the  cascade.  At  moderate  to  high  pressures  it  is  assumed 
that  the  steady  pressure  rise  across  the  cascade  is  produced  by  a system  of  normal  shock  waves  lying  within  the  cascade 
passages.  Downstream  of  the  shock  wa.es  the  steady  flow  is  uniform  and  subsonic.  Figure  2 shows  a sketch  of  this 
steady  flow  configuration.  As  the  operating  point  of  the  fan  at  high  speeds  is  moved  towards  wide  open  discharge,  the 
system  of  nearly  normal  in  passage  shock  waves  in  the  tip  region  is  transformed  into  a series  of  weak  oblique  shock  waves 
(see  Figure  2).  The  flow  downstream  of  these  waves  is  supersonic.  Since  these  waves  are  weak  and  the  blade  sections  arc 
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thin  the  steady  flow  deviates  only  slightly  from  a uniform  flow  at  wide  open  discharge.  In  both  analyses  it  is  assumed 
that  the  blade  motion  results  in  a small  perturbation  to  a steady  two-dimensional  base  flow  solution.  At  moderate  to  high 
backpressure  the  base  flow,  as  described  above,  has  a normal  shock  within  the  cascade  passage  with  a uniform  stream 
approaching  and  leaving  the  shock.  At  wide  open  discharge  the  base  flow  is  assumed  to  be  a uniform  stream.  This 
assumption  according  to  linear  theory  uncouples  the  unsteady  flow  problem  from  its  steady  state  counterpart.  The  motion 
of  the  airfoils  in  both  analyses  is  restricted  to  simple  harmonic  motion  in  time,  at  a constant  interblade  phase  angle 
between  adjacent  airfoils.  The  governing  equations  employed  in  the  analyses  are  the  linearized  unsteady  two-dimensional 
inviscid  equations  for  a non-conducting  gas.  The  change  of  the  unsteady  flow  variables  across  the  in  passage  shock  wave 
are  governed  by  the  first  order  perturbed  Rankine-Hugoniot  shock  relationships.  The  solution  to  both  problems  was 
obtained  by  analytical  means  the  details  of  which  can  be  found  in  References  5 and  6.  These  solutions  resulted  in 
accurate  and  efficient  computational  algorithms  for  computing  the  unsteady  aerodynamic  loading  induced  by  the  cascade 
motion,  including  the  limiting  case  of  a free  stream  Mach  number  of  1 . 


PARAMETRIC  STUDY 


The  work  done  by  the  gas  stream  on  the  cascade  over  a cycle  of  motion  is  a direct  measurement  of  the  susceptibility 
of  the  cascade  to  flutter.  If  the  sign  of  the  work  is  negative,  the  cascade  is  doing  work  on  the  gas  stream.  Under  these 
conditions  any  small  unsupported  motion  imparted  to  the  cascade  will  decay  in  time,  hence  the  system  is  stable.  If  how- 
ever, the  sign  of  the  work  is  positive  the  gas  stream  is  doing  work  on  the  cascade.  If  this  work  is  not  dissipated  by  the 
internal  mechanical  damping  any  small  unsupported  motion  imparted  to  the  cascade  will  grow  in  time,  causing  the  system 
to  fail. 


For  a single  degree  of  freedom  pitching  or  plunging  motion  the  nondimensional  work  done  by  the  gas  stream  on  an 
airfoil  in  the  cascade  is  (see  Reference  7) 


W = a07rIm{CM} 


for  pitching  motion  and 


W = h07rIm{CL} 


for  plunging  motion,  where  the  symbom  Im{  } denotes  the  imaginary  part  of  the  bracketed  quantity.  The  variables 
appearing  in  these  two  equations  are  Cm  , Cl,  <*„,  and  h0,  which  are  the  complex  moment  coefficient  about  the  pitching 
axes,  the  complex  lift  coefficient,  the  amplitude  of  the  pitching  oscillation,  and  the  amplitude  of  the  plunging  oscillation, 
respectively.  There  will  be  a tendency  for  single  degree  of  freedom  flutter  to  occur  in  either  the  pitching  or  plunging 
mode  whenever  the  imaginary  part  of  the  complex  moment  or  lift  coefficient  becomes  positive.  For  two-degree  of  free- 
dom coupled  flutter  the  nondimensional  work  done  by  the  gas  stream  on  an  airfoil  in  the  cascade  is 


-a0ir  sin  7 RealfCM } + h0;r  ImfCL?  + a0tr  cos  7 Im{CM  } 


where  the  symbol  Real{  } denotes  the  real  part  of  the  complex  bracketed  quantity  and  7 is  the  phase  angle  at  an 
instant  in  time  between  the  pitching  and  plunging  motion  of  an  airfoil.  Unlike  single  degree  of  flutter  whose  onset  is 
independent  of  the  amplitude  of  the  airfoil  motion  the  onset  of  coupled  flutter  as  shown  by  Equation  (3)  is  strongly 
dependent  on  the  ratio  of  the  pitch  to  plunge  amplitudes  and  their  associated  phase  shift  7. 


Computations  were  performed  based  on  the  theory  of  References  5 and  6 to  determine  the  effect  of  backpressure, 
inlet  Mach  number,  reduced  frequency,  cascade  solidity,  and  stagger  angle  on  the  nondimensional  aerodynamic  work  for 
single  degree  of  freedom  pitching  and  plunging  motion  and  for  coupled  pitching  and  plunging  motion.  These  results  are 
shown  plotted  as  a function  of  the  phase  angle  between  two  adjacent  airfoils  (i.e.,  interblade  phase  angle)  at  all  times. 


SINGLE  DEGREE  OF  FREEDOM  FLUTTER 


The  geometry  of  the  cascade  assumed  in  this  study  is,  solidity  1 .3,  stagger  angle  60°  unless  otherwise  noted. 

Pitching  axis  location  is  assumed  to  lie  at  mid-chord.  Figures  3 to  7 show  graphs  of  the  work  per  cycle  for  a cascade 
undergoing  simple  harmonic  pitching  motion  at  moderate  to  high  backpressures.  The  in  passage  normal  shock  wave  is 
assumed  to  lie  slightly  upstream  of  the  passage  entrance.  Results  are  shown  in  Figures  3 to  5 for  inlet  Mach  numbers  of 
1 .2,  1 .4,  and  1 .6,  respectively.  The  parameter  varied  in  each  of  these  figures  is  the  reduced  frequency  based  on  semichord 
from  a value  of  0.25  to  1 .0.  Recalling  that  positive  work  per  cycle  implies  instability  provided  the  effect  of  mechanical 
damping  is  neglected,  Figures  3 to  5 show  that  for  Mach  numbers  between  1 .2  and  1 .6  single  degree  of  freedom  pitching 
(i.e.,  torsional)  flutter  can  exist  for  reduced  frequencies  less  than  0.25  at  moderate  to  high  backpressures.  At  Mach 
numbers  above  1 .2  this  mode  of  flutter  exists  for  reduced  frequencies  above  0.25  but  ceases  to  exist  at  reduced 
frequencies  greater  than  0.5.  The  effects  of  cascade  solidity  and  stagger  angle  on  torsional  flutter  at  moderate  to  high 
backpressures  are  shown  in  Figures  6 and  7.  These  results  were  computed  based  on  solidities  of  1 .2  and  1 .4  and  stagger 
angles  of  50°  and  70°.  The  reduced  frequency  and  inlet  Mach  number  were  held  constant  at  0.5  and  1 .4.  Although 
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f igures  <>  and  7 show  no  region  of  instability  they  do  show  that  reducing  the  solidity  and  decreasing  the  stagger  angle 
have  a slight  stabilizing  effect  on  single  degree  of  freedom  torsional  flutter  at  moderate  to  high  backpressures. 

t he  nondimensional  work  per  cycle  for  a cascade  pitching  about  mid-chord  at  low  backpressures  is  shown  in  f igures 
8 to  1 2.  Tne  cascade  geometry  assumed  in  the  computation  of  these  results  is  identical  to  that  assumed  for  the  previous 
results  unless  otherwise  noted.  Figures  8 to  10  show  the  effect  of  Mach  number  and  reduced  frequency.  From  these 
results  it  appears  that  single  degree  of  freedom  torsional  flutter  will  not  exist  at  low  backpressures  at  reduced  frequencies 
in  excess  of  0.50.  This  reduced  frequency  limit  is  greater  than  the  corresponding  limit  established  from  the  previous  set 
of  results  for  moderate  to  high  backpressure  cascade  operation.  This  implies  that  a cascade  operating  with  a finite  back- 
pressure across  it  will  be  less  susceptible  to  torsional  flutter  than  a cascade  operating  at  low  back  pressures.  This  back- 
pressurising  phenomenon  has  been  observed  in  fans  where  it  causes  the  torsional  flutter  boundary  to  bend  back  as  the 
pressure  ratio  across  the  fan  is  raised  (see  Figure  I ).  The  effects  of  cascade  solidity  and  stagger  angle  on  the  work  per 
cycle  for  torsional  oscillation  at  low  backpressures  are  shown  in  Figures  1 1 and  12.  The  values  of  the  parameters  used  in 
these  computations  are  identical  to  those  used  previously  in  computing  the  results  in  Figures  6 and  7.  These  results  like 
their  counterparts  for  moderate  to  high  backpressure  show  that  reducing  the  stagger  angle  and  reducing  the  cascade 
solidity  have  a slight  stabilizing  effect  on  torsional  flutter  at  low  backpressures. 

The  work  per  cycle  for  a cascade  undergoing  simple  harmonic  plunging  motion  at  moderate  to  high  backpressures  is 
shown  in  Figures  1 3 to  1 7.  Figures  1 3 to  1 5 show  the  effects  of  reduced  frequency  and  Mach  number.  These  results 
imply  that  the  work  per  cycle  will  remain  negative  over  all  values  of  interblade  phase  angle  provided  the  reduced 
frequency  is  slightly  greater  than  0.20  for  inlet  Mach  numbers  up  to  1 .6.  As  the  inlet  Mach  number  is  reduced  from  I .(> 
the  transition  reduced  frequency  decreases  to  approximately  0. 1 5 at  Mach  number  1.2.  I he  effects  ol  solidity  and 
stagger  angle  on  the  work  per  cycle  are  shown  in  Figures  lb  and  17.  Increasing  the  solidity  slightly  enhances  the  stability 
of  the  system,  while  increasing  the  stagger  has  a destabilizing  effect. 

The  results  for  plunging  motion  at  low  backpressure  are  not  presented  because  they  showed  that  the  work  per  cycle 
always  remained  negative.  Thus  the  theory  of  Reference  6 predicts  that  flutter  in  a pure  plunging  mode  cannot  occur  at 
low  backpressures.  However,  the  results  presented  in  Figures  1 3 to  1 7 which  were  based  on  the  theory  of  Reference  5 
show  that  single  degree  of  freedom  bending  flutter  can  occur  at  moderate  to  high  backpressures.  Thus  it  can  be  concluded 
that  backpressuring  tends  to  induce  bending  flutter.  Fxpcrimcntal  evidence  to  support  this  observation  is  provided  in 
Reference  I. 


COUPLED  FLUTTER 


Carta"  showed  the  existence  of  coupled  flutter  in  compressor  rotors.  Unlike  coupled  flutter  in  fixed  wing  aircraft 
where  the  coupling  between  the  bending  and  torsional  mode  is  due  to  the  aerodynamic  torces,  the  coupling  in  comprex 
sor  rotors  is  caused  by  mechanical  restraining  forces  associated  with  part  span  shrouds  and  flexible  disks.  ( arta  in  his 
analysis  assumed  the  motion  of  the  rotor  disk  to  be 

S = Ac  ifojt  (2im/NKr/p) 

where  A is  the  amplitude  of  the  motion,  t is  time,  to  is  the  circular  frequency,  n is  an  integer,  N is  the  number  of  rotor 
blades,  p is  the  pitch  chord  ratio,  and  r the  peripheral  distance  around  the  wheel.  If  the  rotor  blades  are  rigidly  fixed 
to  the  deforming  disk  the  plunging  and  pitching  amplitude  of  a blade  section  at  a given  radial  location  are 

h0  = A cos  8 


«o 


ei,/2 

Np 


respectively’,  where  8 is  the  local  stagger  angie  of  the  blade  sections.  The  non-dimensional  aerodynamic  work  per 
cycle  associated  with  this  motion  is 


W = Air  cos  8 


2irn 

pN  cos  8 


where  the  integer  n can  take  on  both  positive  and  negative  values  corresponding  to  either  a backward  or  forward 
traveling  wave  along  the  disk  rim.  I he  lift  and  moment  coefficients  appearing  in  this  equation  are  to  be  evaluated  at 
an  interblade  phase  angle  of 


o " 


2irn 

N 


Computations  wort1  performed  to  assess  the  influence  ol  the  twist  bend  coupling  ratio 

2»n 

c ■ — — 

Np  cos  6 

inlet  Maeli  number  and  reduced  ('resiliency  on  the  aerodynamic  work  per  cycle  at  low  and  high  backpressures  I lie  results 
lor  moderate  to  luitli  backpressures  are  shown  plotted  as  a function  of  the  harmonic  number  n for  specified  values  of 
reduced  frequency  a ml  inlet  Mach  number  in  I quires  I 8 to  '0  I he  cascade  solidity  and  staler  antile  are  I .1  and  tit)", 
respectively.  These  results  show  that  for  u negative  and  huge  the  gas  stream  is  supplying  energy  to  the  cascade,  while 
tor  positive  values  ol  n the  energy  llow  is  generally  from  the  cascade  to  the  gas  stream  Hence,  the  vibrational  waves 
traveling  in  the  direction  ot  rotation  appear  to  be  less  stable  than  those  traveling  in  the  opposite  direction  l ot  small 
absolute  values  ot  n and  for  reduced  frequencies  greater  than  0.25  the  work  per  cycle  remains  negative  for  Mach 
numbers  greater  than  1.2.  Since  the  twist  bend  coupling  parameter  e Is  directly  proportional  to  n it  is  seen  that  an 
effective  means  of  suppressing  coupled  flutter  i'  by  niechnaically  controlling  the  ratio  of  twist  to  bend  in  the  lower  order 
vibrational  inodes  I Itese  results  also  show  that  increasing  reduced  frequency  has  a stabilizing  effect  on  coupled  llutter 
but  not  to  the  extent  it  does  for  single  degree  of  freedom  flutter 

I he  etlect  ol  lowering  the  backpressure  across  the  cascade  on  the  work  per  cycle  is  shown  in  figures  21  to  2.1  The 
trends  of  these  results  are  quite  similar  to  those  for  moderate  to  high  backpressure  Increasing  reduced  frequency  and 
limiting  the  ratio  of  twist  bend  coupling  suppresses  coupled  flutter  at  low  backpressure,  as  it  did  at  high  to  moderate 
backpressures,  from  these  results  it  appears  that  proper  choice  ol  these  two  parameters  can  prevent  coupled  flutter  from 
occurring  over  the  entire  high  speed  operating  angle  ol  a fan  or  compressor  stage 

CONCLUSIONS 

I he  results  of  numerous  calculation  based  on  the  theory  of  References  5 and  t>  has  been  presented  to  show  the 
etlect  of  inlet  Mach  number,  cascade  geometry,  reduced  frequency,  and  backpressure  on  the  susceptibility  of  a cascade 
to  single-  and  multi  degree  of  freedom  flutter  It  was  shown  that  increasing  reduced  frequency  and  backpressure  had  a 
stabilizing  effect  on  single  degree  of  freedom  torsional  flutter  It  was  also  shown  that  single  degree  of  freedom  bending 
flutter  could  occur  at  moderate  to  high  packpressure  if  the  reduced  frequency  was  below  0.25.  for  a coupled  vibrational 
mode  it  was  shown  that  the  occurrence  of  flutter  could  be  prevented  over  the  entire  high  speed  operating  range  of  a fan 
stage  by  mechanically  controlling  the  ratio  of  twist  bend  coupling  and  reduced  frequency . I liese  stability  trends  ate 
consistent  with  experimental  tig  observations. 

\ detailed  experimental  verification  ol  the  theories  of  References  5 and  (>  is  necessary.  One  suitable  approach 
would  be  to  utilize  a high  speed  wind  tunnel  with  a linear  cascade  in  which  the  airfoils  are  driven  in  a prescribed  mode 
an»l  operated  over  a range  of  back  pressures  Measured  surface  pressure  distributions  could  then  be  correlated  against 
predicted  results  to  establish  the  model  validity  or  the  need  for  additional  model  refinements. 
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Figure  1.  - Compressor  performance  and  stability  map. 
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Figure  4.  - Work  per  cycle  lor  pitching  motion  about  mid 
chord  at  moderate  backpressure  (Mach  no.  1. 41. 
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Figure  6.  - The  affect  o I solidity  on  the  work  per  cycle  lor 
pitching  motion  at  moderate  backpressure 
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Figure  7.  - The  effect  ol  stagger  angle  on  the  work  per  cycle 
lor  pitching  motion  at  moderate  backpressure 
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Figure  8.  - Work  per  cycle  lor  pitching  motion  about  mid 
chord  at  low  backpressure  I Mach  no.  1. 2). 
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figure  ID  • Work  per  cycle  lor  pitching  motion  about  mid 
chord  at  low  backpressure  iMech  no.  t 6L 
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figure  11  - The  effect  ot  solidity  on  the  work  per  cycle  tor 
pitching  motion  at  low  bKkpressure. 
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Figur*  11  - Work  per  cycle  lor  plunging  motion  *t  moder- 
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Figure  14.  - Work  per  cycle  lor  plunging  motion  at  moder- 
ate backpressure  (Mach  no  1. 41. 
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Figure  20.  - Work  per  cycle  for  coupled  motion  at  moder 
ate  backpressure  (Mach  no.  1.  i>. 
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Figure  21.  - Work  per  cycle  for  coupled  motion  at  low  back 
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Figure  22.  - Work  per  cycle  for  coupled  motion  at  low  back- 
pressure (Mach  no.  1. 41. 
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igure  23.  - Work  per  cycle  for  coupled  motion  at  low  back- 
pressure (Mach  no.  1.61. 


DISCUSSION 


l).G.  Haiti  well.  UK 

I think  this  is  a very  useful  and  interesting  study.  My  question  concerns  the  coupled  flutter  case.  A change  in 
Mach  number  from  1 .2  to  1.6  represents  a speed  increase  of  over  30%. 

Reduced  frequency  also  changes  with  speed  but  the  curves  are  very  close  together.  For  the  above  change  in 
speed  one  would  expect  a very  large  change  in  stability.  Why  do  the  curves  not  reflect  this? 

Author's  Reply 

I guess  probably  if  you  look  at  them  carefully  enough,  they  do.  However,  I want  to  point  out  that  we  assume 
the  shock  was  at  the  leading  edge.  In  order  to  apply  these  analyses,  as  they  get  more  sophisticated,  detailed 
information  on  the  steady  flow  field  is  required,  you  have  to  know  where  in  the  passage  the  shock  lies  and  what 
his  configuration  is  like. 
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.Abstract 

These  Conference  Proceedings  contain  33  papers  presented  at  the  52nd  Symposium  of  the 
AGARD  Propulsion  and  Energetics  Panel,  held  at  Cleveland,  Ohio,  USA,  on  23-28  October 
1978. 

The  papers  were  grouped  into  eight  sessions  covering  the  following  topics:  Experimental 
Stress  Analysis;  Stress  Analysis  Techniques,  Life  Prediction;  Engine  Structural  Integrity, 
Vibration  and  Containment;  Engine-Airframe  Integration/Compatibility;  Aeroelasticity 
and  Flutter.  The  discussions  after  each  presentation  are  included  in  the  Conference 
Proceedings. 

The  meeting  covered  engine  development,  engine-aircraft  integration  and  engine  operation. 
It  led  into  the  over-riding  concern  of  the  current  aircraft  engine  systems:  the  durability  and 
life  management  of  aircraft  gas  turbine  engines.  The  papers  of  this  Symposium  are  all 
connected  with  this,  most  of  them  address  real  engines,  but  only  few  actually  show  failed 
engine  parts.  Some  correlations  between  analysis  and  test  or  field  experience  are  included. 
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The  papers  were  grouped  into  eight  sessions  covering  The  papers  were  grouped  into  eight  sessions  covering 

the  following  topics:  Experimental  Stress  Analysis;  the  following  topics:  Experimental  Stress  Analysis; 


Stress  Analysis  Techniques,  Life  Prediction;  Engine  Structural  Integrity,  Vibration  and  Stress  Analysis  Techniques,  Life  Prediction;  Engine  Structural  Integrity,  Vibration  and 
Containment;  Engine-Airframe  Integration/Compatibility;  Aeroelasticity  and  Flutter.  Containment;  Engine-Airframe  Integration/Compatibility;  Aeroelasticity  and  Flutter. 
The  discussions  after  each  presentation  are  included  in  the  Conference  Proceedings.  The  discussions  after  each  presentation  are  included  in  the  Conference  Proceedings. 
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